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Requirements for Relief of Overpressure 


in Vessels Exposed to Fire 


By J. J. DUGGAN,? C. H. GILMOUR,! ann P. F. FISHER! 


Pressure-vessel codes and regulations prescribe pressure- 
relief equipment but do not completely specify the neces- 
sary relief capacity to insure safety. Investigations show 
that the most effective cause of pressure increase is fire 
exposure as encountered in accidental conflagrations, and 
tests of the effects of such fire exposure on pressure vessels 
have been made and analyzed. Part 1 of the paper details 
these tests and analyzes the results. Parts 2 and 3 develop 
the necessary formulas to determine the sizes and capaci- 
ties of the relief connections and apparatus and also pre- 
sent detailed statements of the applications of these 
formulas to pressure vessels and atmospheric tanks. 


PART 1 OBSERVED RATE OF HEAT ABSORPTION 


INTRODUCTION 


ROM the standpoint of protection from excessive internal 

pressure, probably the severest hazard to which a vessel 

may be subjected is that which accompanies exposure to 
external conflagration. (Internal reaction will be discussed in 
Part 2.) 

Some 12 to 14 years ago, the American Petroleum Institute 
Committee on Fire Prevention, after study and deliberation, 
proposed the basis of 100 Btu per min per sq ft of surface wetted 
by the contents as a practical basis for determining the necessary 
relief area to limit the rise of pressure. In connection therewith 
a theoretical analysis of ‘“The Rates of Vaporization in Gasoline 
in Storage Tanks Exposed to Fire,”? and a chart from which to 
determine the capacity and size of relief were made. This chart 
was drawn so that heat-input rates varying from 6000 Btu to 
24,000 Btu per sq ft of wetted surface per hr might be selected. 
So far as is known, there was no practical basis for the choice of 
a heat rate, nor was any suggested. 

The National Fire Protection Association and the National 
Board of Fire Underwriters, as well as other regulatory bodies, 
were given the benefit of these studies. They performed a valu- 
able service in this matter of emergency relief and related con- 
siderations by providing the best generally known criterion for 
the ‘Safe Handling and Storage of Flammable Liquids.”* The 
relief standards proposed were based upon 6000 Btu per hr per sq 
ft of wetted surface and are still generally recognized. 

Some interest appeared later among the associations and con- 
cerns promulgating and using this information to inaugurate a 
variable heat-input rate. It is believed the suggestion which 
received widest acceptance was that which proposed a heat rate 
varying from 24,000 Btu per hr per sq ft for small tanks having 10 
sq ft of surface to 3000 Btu per hr per'sq ft for large vessels hay- 

! Carbide and Carbon Chemicals Corporation, South Charleston, 
West Va., unit of Union Carbide and Carbon Corporation. 

2 Engineering Office of American Petroleum Institute, New York, 
INJaYS 

3 National Fire Protection Association Flammable Liquids Ordi- 
nance, National Board of Fire Underwriters, Pamphlet No. 30 of 
Standards. . 

Contributed by the Petroleum Division and presented at the 
Semi-Annual Meeting, Los Angeles, Calif., June 14-17, 1943, of 
Tue AMERICAN SocieTy OF MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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ing 10,000 sq ft of surface. On this basis, a 6000-Btu rate held 
for vessels having a wetted surface of 1000 sq ft. So far as is 
known, no official action was taken on this variable rate, nor was 
it published for general use. 

It was the unfortunate experience of the authors to learn that, 
while the 6000-Btu rate on tank surfaces of the order of 1000 sq ft 
was satisfactory for all ordinary circumstances, it was totally 
inadequate for severe exposures of even less than 15 min duration. 
Some of these cases are a matter of private record, and it. may 
be stated that the materials contained were more stable than 
gasoline upon which existing standards are based. From in- 
formation reviewed, it is believed that other organizations have 
encountered similar experiences. 

Accordingly, known available literature on the subject was 
analyzed and a series of tests was conducted which follows: 


SUMMARY 


It is concluded that pressure-relief areas should be designed on 
a basis of 20,000 Btu per hr per sq ft of wetted surface exposed to 
fire. 

Exception is proposed to this heat-input rate for atmospheric- 
working-pressure tanks, as outlined in Part 3 of this paper. 

So far as can be learned, there is no substantial theory or evi- 
dence to support the limiting of heat-input rates to any particular 
height. There are some indications to the contrary; that is, 
high gas temperatures apparently exist at relatively great 
heights above the fuel during large fires. 


-ANALYSIS OF FrerreRty’s FoRMULA AND TEST 


In order to specify safety valves for the protection of containers 
charged with liquefied gas, a formula was derived and a test con- 
ducted by John F. Fetterly, inspector, Bureau of Explosives, As- 
sociation of American Railroads. His report‘ furnishes data of 
considerable interest on heat-input rates for tanks exposed to fire. 

It will be seen that it is possible for the contents of a 300-gal 
tank exposed to fire to absorb heat at about 20,000 to 23,000 
Btu per sq ft of wetted surface per hr during vaporization. 

Probably the factor in the formula which might arouse criticism 
is that represented by C, namely, the over-all heat-transfer coef- 
ficient. The coefficient used was obtained from an empirical 
formula which was based on tests made before the film theory of 
heat transfer was recognized. However, having been based on 
actual test data, it is not surprising that the numerical value of C 
is of the order of magnitude that would be predicted by present- 
day theory. 

For example, the heat-transfer coefficient from a flame to a 
surface would be calculated today approximately as follows 


U =h, +h, = Fetterly’s C or heat-transfer coefficient. . [1] 


he = 0.27 (T; —T,)'“4 


4“The Determination of the Relief Dimensions for Safety Valves 
on Containers in Which Liquefied Gas Is Charged and When the Ex- 
terior Surface of the Container Is Exposed to a Temperature of 1200 
Deg F,”’ by J. F. Fetterly, Bureau of Explosives, 1928. 

5 “Heat Transmission,” by W. H. McAdams, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1942, second edition, Equation 
[16], p. 240. 
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(Assuming the hot gas and tank surface are black, i.e., have a 
black-body coefficient of 1, the shape factor is unity, and that the 
heat resistance of the retaining wall and boiling liquid is negligible 
compared with the resistance of the film in contact with the flame.) 
Then if the flame is 1200 F and tank surface is 165 which are 

the temperatures used by Fetterly, the value of U would be 


0.173[(16.6)4 — (6.25)4] 
(1660 — 625) 


0.173 (75,940 — 1540) 
1035 


= 1.53 + 12.44 = 13.97 Btu per hr per sq ft per deg F 


U = 0.27 (1660 — 625)!/4 + 


= 0.27 X 5.67 + 


This is more than 95 per cent of the value obtained by Fetterly, 
specifically 14.68 Btu. It should be noted that this is equivalent 
to [13.97 (1200 — 165)] 14,500 Btu per hr per sq ft of wetted sur- 
face for a flame temperature of 1200 F, and a 23,000-Btu rate for 
a T; of the order of 1400 F, as calculated from the test data to be 
given. It will be seen later that flame temperatures of this 
magnitude are conservative for industrial fires, particularly those 
involving flammable liquids. 

Of particular interest and value are the test data obtained by 
Fetterly which consist of continuous pressure and temperature 
measurements taken while a wood fire burned around a tank con- 
taining 1000 lb of propane. From this record, it is possible to 
calculate the heat input to the tank and contents during the vari- 
ous phases of the test. The charts of pressure and temperature 
versus time are reproduced in Figs. 1 and 2 of this paper; the 
former is the actual instrument record and the latter is a replot of 
the same data to clarify the analysis. In order to give a better 
picture of the nature of the fire surrounding the tank, a diagram 
of the test setup, as interpreted from the description contained 
in Fetterly’s paper, is shown in Fig. 3. 

The safety valve was set to open at 375 psig. Note that the 
relief valve opened and closed again long before the liquid ap- 
proached the boiling point (about 165 F), which is evidence that 
the vapor was superheated to a temperature sufficient to cause 
the pressure to rise to 375 psi. By reference to Fig. 3, it is obvi- 
ous that the vapor space was subjected to intense fire for the first 
few minutes of the test, durimg which time the vapor was heated 
from 65 F to an estimated temperature of 1000 F, at the time the 
safety valve first opened after 3.7 min of exposure. This tem- 
perature was estimated from the best available physical charac- 
teristics? for propane. In this same period the liquid was heated 
from only 65 to 74 F. 

The second phase of the test consists of the period im which 
part of the liquid was heated to the boiling point and the safety 
valve opened for the second time. This is the interval observed 
from 3.7 to 9.4 min in Fig. 2. During this time the fire level 
probably lowered, the intensity of the flame on the unwetted sur- 
face decreased, and the vapor did not expand as rapidly as before, 
as observed from the pressure curve. 

The final phase of the test consists of the period of the vaporiza- 
tion and discharge of the contents. As shown in Fig. 2, this ap- 
pears to have occurred in about 5.9 min. At the end of this 
period, the pressure had fallen rapidly to 245 psi (probably the 
safety valve stuck open), and the liquid temperature began 
to rise sharply as it would when the thermocouple was exposed to 


¢ “Heat Transmission,’’® Equation [17], p. 63. 
7 Pressure-volume-temperature relation. 


the hot vapor and tank walls. On the basis of 5.9 min, the heat 
absorbed by the contents may be calculated as follows: 
Heating Liquid to Boiling 
60 


1000 X 0.68 (165 — 140) x 3.2 


318,800 Btu per hr 
Vaporizing Liquid 
60 1,027,000 Btu per hr 


1000 X 101 KX — = 
- S 5.9 1,345,800 Btu per hr 


Heat Intensity 
1,345,800 
57.82 


Vaporization Rate 
60 
1000 x aren 10,170 lb per hr 


= 23,300 Btu per hr per sq ft of wetted surface 


Safety-Valve Capacity 


M 44 
W = 306 0P @— = 30 312 Vi05 
a \" 306 X 0.312 X 386 Woo 


==) 9800) lbuper hts jee ce aoe [4]§ 


The vaporization rate is then 3.8 per cent greater than the calcu- 
lated valve capacity, but some of the contents may have been dis- 
charged as droplets of liquid. However, if the vaporization rate 
had been as low as the safety-valve capacity, the heat intensity 
would still have remained as high as 22,600 Btu per hr per sq ft 
of wetted surface. 

If it is assumed that the steel temperature is about 100 deg F 
higher than that of the boiling liquid, the effective flame tempera- 
ture necessary to transmit the foregoing heat input may be calcu- 
lated as follows: 


(1) UAT = Q/Aé = U(T,;—T,) = 23,300 Btu per hr per sq ft 
TNs tee 
0.173| (—4) —(— 
‘ i) (%:) | 


8 “API-ASME Code for Unfired Pressure Vessels,’’ New York, 
N. Y., 1938 edition, p. 74. 


(2) U = 0.27(T, — T,)¥* + 
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Fic. 3 DiagcramMatTic REPRESENTATION OF THE FrRE-ExXPOSURE 
Test or 4 300-Gan TANK CONTAINING PROPANE 
(As described in ref. 4.) 
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Fic. 4 Fire Conpirions 9 Min Arter I@nrtTion 
(Appears to be height of fire, but note limited surface exposure.) 


(3) U(T,—T,) = 0.27 (T, — T,)*/4 


T. 4 Tp 4 
0.173} {—4-}) — ‘ 
BA 100 


= 23,300 Btu per hr 
(4) T, = 165 + 100 = 265 deg F = 725 deg R 
(5) 0.27(1888 — 725)°/4 + 0.173[(18.88)4 — (7.25)*] 
= 23,300 Btu per hr ; 
1834 + 21,503 = 23,337 compared to 23,300 Btu 
T; = 1888 deg R, or 1428 deg F, approximately 


This is a reasonable mean effective temperature for a kerosene- 
soaked open wood fire. The National Bureau of Standards in 
co-operation with the National Fire Protection Association ob- 
served temperatures of 2000 F within 20 min from burning wood 
within a large brick building.® 


NoMENCLATURE Usp IN Ferreriy Test ANALYSIS 


The nomenclature used in analysis of Fetterly’s test is as fol- 
lows: 


C = heat-transfer coefficient, Btu per hr per sq ft per deg F; 
Fetterly’s 

U = heat-transfer coefficient, Btu per hr per sq ft per deg F; 
over-all 


h. = heat-transfer coefficient, Btu per hr per sq ft per deg F; 
convection 

h, = heat-transfer coefficient, Btu per hr per sq ft per deg F; 
radiation 


®°“‘Ffandbook of Fire Protection,” by Crosby, Fiske, Forster, National 
Fire Protection Association, Boston, Mass., 1941, ninth edition, p. 384. 
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T, = effective flame temperature, deg F absolute 
7’, = temperature of tank surface, deg F absolute 
AT = temperature difference, deg F 

Q = total heat transferred, Btu 

A = surface heated, sq ft 

6 = time, hr 

W = vapor rate of safety valve, lb per hr 

a = orifice area of safety valve, sq in. 

P = absolute pressure at inlet of safety valve, psi 
M = molecular weight of vapor 

T = vapor temperature, deg F absolute 


ANALYSIS OF UNDERWRITERS’ LABORATORIES, INc., Test 


In January, 19388, there appeared the results of some tests!'to 
show the effect of a film of water running over a plate exposed to 
fire.!° The results of the tests were reported in terms of tempera- 
ture or per cent of total heat input. The data are comprehensive 
enough to be used to calculate the heat absorbed from the flame. 

The test apparatus consisted of a vertical plate 8 ft high by 3 ft 
wide by !/s in. thick suspended from one of its 3-ft edges. A fire 
was produced by burning gasoline in a pan 3 ft sq, placed directly 
in front of the plate. Tests were conducted both with and with- 
out a water film flowing down the plate. 

After equilibrium had been established during the run, in 
which there was a protective water film, the following data were 
observed: 

Water rate, 45 gpm; water temperature off, 97.5 F; water tem- 
perature on, 63 F; water temperature rise, 34.5 F. 

From these data, the heat-absorption rate is calculated as fol- 
lows: 

45 X 8.337 X 60 X 1 X 34.5 = 776,000 Btu per hr 
0 “Opacity of Water to Radiant Heat Energy,’’ Underwriters’ 


Laboratories, Inc., Bulletin of Research No. 3, Chicago, Ill., Jan., 
1938. 


Fie. 5 Conpitions INTERPRETED TO Bre Asout 25 Min Arrer 
IGNITION 
(Note no fire is visible in pan under tanks.) 
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The intensity of heat absorption is 


776,000 


24 = 32,300 Btu per hr per sq ft 


The average temperature of the water was 80 F, when flowed 
over the plate during the fire. The effective gas temperature re- 
quired to transmit this quantity of heat would be approximately 
1580 F, as calculated by the same procedure as given for the analy- 
sis of the Fetterly tests. A maximum flame temperature, a point 
temperature, of 3000 F was read with an optical pyrometer. 

The results of this test show that the intensity of heat absorbed 
from a fire under these conditions is of the order of magnitude of 
30,000 Btu per hr per sq ft. 


Frre Tests on Truck TANKS 


During 1930, the Aluminum Company of America, under 
supervision of committees from the American Petroleum Insti- 
tute and the National Fire Protection Association, conducted 
fire-exposure tests" on two 150-gal tank-truck compartments 
made of aluminum (refer to Figs. 4 and 5). The data were 
taken to establish the suitability of the metal for truck-tank con- 
struction and are not sufficiently broad to record directly in- 
formation essential to the calculation of heat-input rates. As 
will be explained, sufficient data were interpreted to estimate 
maximum and minimum heat-input rates for tank B in the report. 

The time-temperature curves of thermocouples 9, 10, 11, and 
12 were transposed from the original data! to Fig. 6 of this paper. 
This indicates by the abrupt temperature rises that the gasoline 
between three fourths and one fourth of the tank height vaporized 
in 10min. By using the dimensions in the report, this was calcu- 
lated to have been 90 gal. It appeared from the illustrations in 
the report that probably an area equivalent to not more than the 
lower. half of the tank less one head was exposed to the flame 
during the period. This is about 15 sq ft of area. The gasoline 
weighed 6.3 lb per gal at normal conditions. Its latent heat of 
vaporization was about 130 Btu pe: lb. Then the heat absorbed 
would be calculated as follows: 


Pees 180160 
15 10 


The data indicate that the exposure fire lasted in all about 25 
min, during which time the tank metal was heated, the gasoline 
raised to the boiling point, and 129 gal were vaporized. On this 
over-all basis, the intensity of the fire to the tank may be calcu- 
lated, as follows: 


To Heat Metal 


= 29,500 Btu per hr per sq ft 


113 Ib X 0.23 XK 325 deg avg dt = 8,450 Btu 
To Heat Liquid to Boiling Point 

147 gal X 6.3 lb X 0.57 X 207 deg avg dt = 109,200 Btu 
Latent Heat of Vaporization 

129 gal X 6.3 lb X 130 _ 105,700Btu 

223,350 Btu 
Intensity 
223,350 


0 
— = 17,000 Bt h ft 
31.5 sq ft total exposed “S 25 k ier ay en 


The time-pressure curves show that rapid ebullition started at 
about 4 min after ignition. The vaporization period for 129 gal 


11 Report on “Impact, Hydrostatic, and Fire Tests—Aluminum 
Alloy Compartments for Tank Trucks,” Aluminum Company of 
America, New Kensington, Pa., 1930. 
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Fie. 6 Timn-TaMPpERATURE CURVES 
(Transposed from Fig. 4 of ref. 11.) 


was then about 21 min, and a heat-input rate to the contents may 


105,700 ‘60 
15 x sre 20,100 Btu per hr per sq ft. 


be approximated: 


It is concluded that the actual maximum heat-input rate lies 
between 20,000 and 29,000 Btu per hr per sq ft of wetted surface 
exposed. 


Tank Firr-Exposure Tests By THE AUTHORS 


Introduction. Since existing information on the subject seemed 
inadequate, a series of exposure tests was conducted by the au- 
thors’ company, in which a 3000-gal nominal-capacity tank con- 
taining 2300 gal of water was surrounded by an intense fire. 
These were begun in the fall of the year 1938 and were concluded 
in April, 1940. Herein are described and analyzed the last four 
tests, since the results obtained during these are considered the 
more accurate and comprehensive. 

The tests were conducted (1) to establish a safe minimum heat- 
input rate for the basis of requirements for emergency relief, 
(2) to determine the necessary rate of application of external 
cooling-water film both to maintain a specified temperature within 
the contents and to approximate the amount required to preserve 
such vessels when involved in a conflagration. The latter con- 
sideration is the subject of a separate discussion, the present 
purpose being to determine a heat-input rate. 

Summary. When a tank is surrounded by an intense fire hav- 
ing an effective temperature of about 1400 F, heat is absorbed 
from the flame at a rate of the order of 20,000 Btu per hr per sq 
ft of wetted surface exposed. 
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Fie. 7 Equipment AsspmMBLY TANK Fire-Exposurb TESTS 
{ (Carbide & Carbon Chemicals Corporation, South Charleston, W. Va.) 
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Test Setup. The general assembly of the equipment used is 
shown in Fig.7. The tank used for the test was 7 ft in diam X 11 
ft 6in. high. It was found necessary to surround the equipment 
with a corrugated asbestos cylinder 10 ft, 4 in. in diam, in order 
to prevent wind from blowing the flame away from the tank, as 
may be observed in Figs. 8 and 9. For convenience and safety, 
the tank was set on steel beams at 5 ft 4 in. above the bottom of 
an existing fire pan. 

The temperatures were measured with thermocouples placed 
inside the tank, on the tank wall, and in the flame. A direct- 
reading “Celectray” potentiometer was used for converting the 
electromotive-force readings to deg C. Mercury-in-glass ther- 
mometers were used to measure the cooling water and atmos- 
pheric temperatures. 

The cooling water was measured with an orifice and was re- 
leased on top of the tank through a funnel-type nozzle. It flowed 
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over the head and wall in a uniform film and was collected in a 
trough. The cooling water was not only a part of the experiment 
but preserved the vessel as intended. 

The fire was made by burning hydrocarbons in atmospheric 
air. The fuel was released through three 1-in. standard-pipe 
perforated rings, concentric with the tank. The fuel rings were 
about 4 ft apart vertically, as shown in Fig. 9, and from in- 
spection produced a flame which surrounded the tank thor- 
oughly. The liquid fuel was measured by observed difference in | 
level, as indicated by calibrated tank gages. 

Test Procedure. At the start of the tests, the tank contained 
2300 gal of water. After making zero readings of the tempera- 
tures, the cooling water was started and the fuel was ignited. 
The fuel rate was kept relatively constant throughout a test 
run. The temperatures of the flame, cooling water, atmosphere, 
and contents (water) were recorded at approximately 15-min inter- 
vals. The cooling-water rate was adjusted to three values, 143 
gpm, 71 gpm, and 37 gpm. No cooling water was used during 
run No. 4 and partial boiling occurred. During this last test, 
the fuel rate was reduced to less than one third that of the previ- 
ous runs, but the flame temperature at the points read was main- 
tained. 

Data Obtained. When the temperature of the contained water 
remained constant, a condition of equilibrium existed, and the 
data shown iu Table 1 correspond to that phase of the first three 
runs. During test No. 4in which no cooling water was used, the 
experiment was stopped before stabilized conditions were reached 
(contents averaged 73.5 C), in order to avoid possible rupture of 
the vessel. 

Discussion of Data. Surrounding the equipment with a cylin- 
der to control windage no doubt increased radiation to the tank, 
but it is believed conditions are equally as severe where a vessel 
is surrounded by flame of considerable depth. As a counter- 
actant to this effect, there oecurred a strong updraft between the 
cylinder and tank. This was partly due to the 5-ft clearance 
under the tank as deseribed. 

The flame temperatures read are not believed to be maximum 
since the unshielded thermocouples could ‘‘see’’ the cooling-water 
film. The lower flame temperatures shown in runs Nos. 2 and 3 
were apparently due to wind and rain. This resulted in lowered 
heat-input rates during these runs. 


(a) 


Fia.8 Triau Runs on 3000-Gau 


(a and 6, Trial run 10-18-38; He and CH, gas fuel; 


(b) 


larger quantity of fire needed. 


(c) 


Water TANK Exposep To INTENSE FIRE 


c, Trial run 10-19-38; liquefied hydrocarbons fuel; 


denser fire needed.) 
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(a) (b) 
Fie. 9 Furtaer Runs on Tank Fire-Exposurn TEsts 


(Test runs 11-2-38; 


liquefied hydrocarbon fuel released through three rings of pipe; 


(c) 


windshield in place.) 


TABLE 1 OBSERVED AND CALCULATED DATA PERTAINING TO A 3000-GAL STEEL 
TANK CONTAINING 2300 GAL OF WATER AND EXPOSED TO A FIRE 
Run No.1 Run No.2 Run No.3 # £Run No, 4 

Total cylindrical surface exposed to fire, sq ft 242 242 242 242 
Cylindrical surface in contact with contained 

liquid, and exposed to fire, sq ft......... 176 176 176 1324 
Rate of cooling water on external surface of 

EHEC BDU ne coe siete bts euaeie alee Sree ne Sika G 148 71 37 0 
Temperatures, average, deg C: 

Cooling Water olin site ees eee es x 61.2 61.3 58.0 

Cooling water OM iss iosk.« «.0fcinhs revels Rieeieis's 12.5 12.2 11.5 

GOoling Water TISOas.sr:0: pire sie ae miele 48.7 49.1 46.5 

Cooling water average.........0..+0055: 37.0 37.0 35.0 es 

Flame temperature. .....6.05 cece veces ss 820 690 714 721 

Walter mstde tanita. mete see mee nes 58 84 92 9to 73.5 per hr 

Surface of tank, external............... 58 84 9 12 to 100 _~—sper br 

Surface of tank, internal................ 58 84 92 10to 95 per hr 

Surface of tank not in contact with con- 

tamed wateter sence) ccve ompetereresikers 36 58 66 10to0 190 perhr 

Surface of tank, log mean average....... 46 70 8 10t0140 perhr 
Fuel-vapor Tate; fs ss iilss osieccis ecw a 40,857 40,857 40,857 12,200 
Total available heat in fuel, Btu per hr.... 106,000,000 106,000,000 106,000,000 29,900,000 
Heat absorbed by tank, contents, and cool- 

ing water, Btu per hr. Bobo SR A CAA OF 6,270,000 4,186,000 4,522,000 2,311,100 
Heat absorbed by Aradiaion. Btu per hr.... 5,760,000 3,787,000 4,050,000 2,100,000 
Heat absorbed by convection, Btu per hr... 510,000 449,000 472,000 211,100 
Sensible heat absorbed by cooling water, 

Btatpenthin J. sciss.cle eeresee are cinerea ene 6,270,000 3,137,000 1,550,000 0 
Latent heat absorbed by partial evaporation 

of cooling water, Btu per hr............ 0 1,049,000 2,972,000 0 
Heat absorbed by tank contents, Btu per hr 0 0 0 2,225,000 
Rate of heat absorption (heat density), Btu 

per ibr por Ry EU ove ete cee sis pe Besvalersiats asta 25,900 17,300 18,700 16,85@ by contents 


@ See section ‘Discussion of Data.” 


During run No. 4 in which no cooling water was used and the 
fuel rate was reduced to less than one third by using only the 
lower fuel-pipe ring, it was estimated that 2 ft of the wetted 
height of the tank was not exposed to flame. Conditions were 
similar to those shown in Fig. 8 (a and 6). This reduced the 
wetted surface exposed to 132 sq ft. 

The experiment covered three conditions of a tank exposed to 
fire: namely, 

1 Contents maintained at a certain maximum temperature as 
inrun No.1. The vent rate was kept low and the absorbed heat 
appeared as sensible heat in the cooling water film. 

2 Contents heated to higher maximum temperatures as in 
runs Nos. 2and 3. The absorbed heat appeared as both sensible 
heat and heat of vaporization in the cooling-water. 

3 Contents allowed to heat up as under actual conditions 
where a tank is unprotected and exposed to fire. The vent rate 
became high and the absorbed heat appeared as sensible heat in 
the contained water. 

Observed Heat Absorbed Compared With Theoretical Calcula- 
tions. The data indicate that the flame transmits heat to the 
tank by radiation and that the heat thus transmitted is again 
transferred by convection to the water film flowing over the tank 
surface. Asa result, no heat is transmitted to the contents after 


equilibrium conditions are established. The film of water flow- 
ing over the surface of the tank also absorbed heat directly from 
the flame by convection, and under conditions of low water flow, 
as in runs Nos. 2 and 8, some water is vaporized from the flowing 
film. Calculations for this apparent mechanism of heat transfer 
compare well with the observed heat absorbed in runs Nos. 1, 2, 
and 3 and are submitted as further evidence to support the heat- 
input rates tabulated for these runs. The sensible heat absorbed 
during run No. 4 is direct evidence and, of course, not affected by 
this theory since no cooling water was used. 

Calculated values for run No. 1 follow: 

The sensible heat absorbed by the water film is 
143 X 8.337 X 60 X 1.0 X 1.8 X 48.7 = 6,270,000 Btu per hr 


or 25,900 Btu per hr per sq ft 


Theoretically, the heat transmitted to the tank surface by 
radiation using the data in Table 1 is 


h, = 18.5 Btu per hr per sq ft per deg F by Equation [3] 
18.5 X 242 * (1508 — 114.8) = 6,240,000 Btu per hr 


The heat absorbed by the water film by convection using the 
data in Table 1 is 
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h, = 1.65 Btu per hr per sq ft per deg F by Equation [2] 
1.65 & 242 * (1508 — 98.6) = 563,000 Btu per hr 


Then by the proposed theory, the total heat absorbed by the 
water film is 


6,240,000 + 563,000 = 6,803,000 Btu per hr 
or 28,100 Btu per hr per sq ft 


This theoretical, total heat absorption is only 8.5 per cent greater 
than the observed heat absorbed. 

By the theory, the radiated heat absorbed by the tank surface 
is again transferred to the cooling-water film by convection. For 
this type of heat transmission, the transfer coefficient is obtained 
from the following equation 

1 fre 
(25 ¢ sae CCE 
w 2 (CZ/h)2/8 (2gp 
Using this and the observed data in Table 1, the heat absorbed 
from the tank surface by the water film is 


y1/8 


h.. = 1490 Btu per hr per sq ft per deg F, by Equation [6] 
1490 « 242 x (114.8 — 98.6) = 5,840,000 Btu per hr 


This is only 6.41 per cent less than the calculated heat absorbed 
by the tank surface by radiation as given (6,240,000) and ap- 
parently establishes the heat-transfer theory. 


18.5 


(18.5 + 1.65) 
cent of the heat absorbed by the cooling water was taken by con- 
vection from that radiated to the tank surface, so 


Further, according to theory ( x 100) 91.8 per 


6,270,000 (observed) X 0.918 = 5,760,000 Btu per hr 


This compares well with the 5,840,000 Btu per hr calculated with 
the theoretical heat-transfer coefficient (1490). 

Calculations for run No. 4 are as follows: 

The sensible heat absorbed by the contents water is 


2300 X 8.337 X 1.0 X 1.8 (64.5) = 2,225,000 Btu per hr 
or 16,850 Btu per hr per sq ft 


The observed heat absorbed by the tank is 


0.3125 E 
242 X Tian x 487 < 0.12 X 1.8 (1380) = 86,100 Btu per hr 
Total heat absorbedencs..2 ae seer ee eae 2,311,100 Btu per hr 


This observed heat absorbed is only 8.45 per cent less than the 
theoretical heat input when calculated as for run No. 1. The 
calculations indicate the heat absorbed by radiation to be 90.8 
per cent of the total heat absorbed by the tank. 


FLAME TEMPERATURES AND Errectrive HeicHT 


Since the heat-input rate to a vessel exposed to fire is sensitive 
to the mean effective flame temperature, as previously noted 
under the discussion of Fetterly’s work, it is well to emphasize the 
fact that high temperatures are common during fires. It has 
been shown that effective flame temperatures of about 1400 F 
produce heat-input rates of the order of 20,000 Btu per hr per sq 
ft of wetted surface exposed. 

The standard time-temperature curve, !* used by the American 


12 “Principles of Chemical Engineering,” by Walker, Lewis, 
McAdams, and Gilliland, McGraw-Hill Book Company, Inc., New 
York, N. Y., 1937, Equation [llc], p. 114. 

13 “Handbook of Fire Proteefion,’’? p. 380. 
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Society for Testing Materials, the National Fire Protection 
Association, the Underwriters’ Laboratories, Inc., and the Na- 
tional Bureau of Standards for a “standard scale of measurement 
of fire severity” rises to 1000 F in 5 min, to 1300 F in 10 min, to 
1550 F in 30 min, to 1700 F in 1 hr, and so on up to 2300 F, in 8 hr. 
These are effective temperatures since they are furnace heats to 
which materials are subjected to determine their fire resistivity. 
The authors of this paper observed 1600 F temperatures with un- 
shielded thermocouples while burning liquefied hydrocarbons in — 
the open. The Underwriters’ Laboratories, Inc., read 3000 F 
flame temperatures (point or maximum) from an open pan of 
burning gasoline with an optical pyrometer. As stated before, 
the National Bureau of Standards in co-operation with the Na- 
tional Fire Protection Association observed wood-fire tempera- 
tures of 2000 F within 20 min after ignition within a large brick 
building. 

The authors are unable to learn of a substantial theory or to 
find convincing evidence to support the limiting of heat inputs 
into vessels exposed, to any particular height above the fuel. 
Insurance underwriters’ recommendations of fireproofing sup- 
porting columns within 20 ft of a source of fire, as well as the prac- 
tice by reliable organizations to limit heat inputs to 20 ft eleva- 
tion, have been noted, but these do not seem adequate. Alumi- 
num (1125 F to 1490 F melting point), glass (1400 F to 1600 F 
melting point), and brass (1575 F to 1800 F melting point) have 
been observed melted more than 20 ft above grade after flam- 
mable-liquid-spillage fires in open areas. These fires were of less 
than 1 hr duration. Examination of the analysis of fires by the 
National Fire Protection Association and the Factory Mutual 
Fire Insurance Companies, particularly those involving storage- 
tank farms and elevated tanks, discloses that high heats do pre- 
vail at comparatively great heights above the fuel during severe 
fires. 

The foregoing evidence and experience support the following 
suggestion : 

Where vessels are in confined areas, buildings, or enclosures, 
and an intense fire could occur, no reduction from the maximum 
height of the surface to be wetted by the contents should be used 
when designing emergency pressure-relief or other fire protection. 
Where such equipment is in open areas, properly spaced, diked, 
and otherwise installed in accordance with the insurance inspec- 
tion organization having jurisdiction, it is considered not economi- 
cal to design for a heat-input height of less than 40 ft, and un- 
safe under average conditions to use less than 30 ft. Further, 
no reduetion of heat input is proposed (except for atmospheric 
tanks as outlined in Part 3) to allow for the possibility that ves- 
sels may not be completely surrounded with flame during a gen- 
eral fire. 


CoNCLUSION 


A rate of heat absorption for vessels exposed to fire as a basis 
of requirements for relief of overpressure is concluded as outlined 
under Summary from the foregoing experiments, theory, and 
experience. 

The employment of this basis follows in Parts 2 and 3 of this 
paper. 

The authors are cognizant that the observed absorption rate 
(20,000 Btu per sq ft per hr) appears high when compared to over- 
all heat-absorption rates of boilers, tubestills, ete. It is reasona- 
ble, however, when compared to those rates! for waterwall sec- 


14 For further information on absorption rates in boilers, refer to 
“Kent’s Mechanical Engineers’ Handbook,” vol. 2, ‘‘Power,’”’ John 
Wiley and Sons, Inc., New York, N. Y., eleventh edition, 1937, pp. 6-17, 
6-18, and 6-36; ‘‘The Trend of Boiler Design,’’ Bulletin 3-180, The 
Babcock and Wilcox Company, New York, N. Y., 1935, pp. 3 and 4; 
“The Simple and Direct Answer to All Problems of Heat Transfer in 
Boilers,” by L. R. Stowe, Wilmette, Ill., 1937, chapters 12 and 13. 
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tions and tubes adjoining combustion chambers which may ab- 
sorb heat at rates from 50,000 to 150,000 Btu per sq ft per hr, 
based upon the projected area. 


PART 2 REQUIREMENTS FOR RELIEF OF PRESSURE 
VESSELS'* 


INTRODUCTION 


One of the fundamental considerations in all codes and regula- 
tions applying to boilers and unfired pressure vessels has been that 
of preventing overpressure and its attendant hazards. In all 
boiler codes and regulations, it has been almost universal practice 
to base the size and capacity requirements for safety valves on 
the potential heat input, which is computed from the total area of 
the heat-absorbing surfaces of a boiler. In codes and regulations 
applying to unfired pressure vessels, however, while pressure- 
relief devices are required and an overpressure limit is specified, 
there is no measurable basis upon which to compute the capacity 
of such relief devices. In Paragraph U-2 of the A.S.M.E. Un- 
fired Pressure Vessel Code,!® the question of relieving capacity is 
referred to by specifying that the relief devices shall be of such 
capacity as to prevent a rise of more than 10 per cent above the 
maximum allowable working pressure, but the user of a pressure 
vessel receives no directions from that code as to how to proceed 
to compute that capacity. 

Actual operating experiences in industrial plants tend to give 
the general impression that an appreciable number of ‘code 
pressure vessels,” if investigated, would be found to be under- 
equipped with pressure-relief capacity. It is often contended that 
pressure vessels equipped with automatic controls are inherently 
more safe than those not so equipped; yet it is a matter of record 
that when such automatic controls fail or become inoperative (as 
will happen occasionally) an accident often follows. The very 
natural relaxation of vigilance, which comes from depending upon 
automatic controls, causes neglect of the pressure-relief devices; 
and if they will operate, they are likely to be found inadequate in 
capacity. When pressure vessels do fail in service, it is always 
found that some one of the important safety considerations has 
been overlooked or neglected, and in many of such cases, it is 
found that the pressure-relief devices are inadequate in capacity. 

Our experience during the past 8 years, in inspecting thousands 
of pressure vessels and testing thousands of relief valves and safety 
devices, has indicated a very definite need for more information 
on the subject of pressure relief, and the authors have undertaken 
an investigation to obtain additional data. The results to date 
appear to warrant presentation of a statement in order to learn 
whether the data will be useful to the A.S.M.E. Code Committee 
and other code-making bodies. The authors have in the past 
found the Unfired Pressure Vessel Code a most valuable aid 
in their work and, in appreciation thereof, desire to offer their co- 
operation in every way possible. If the data obtained appear 
likely to prove helpful to the code committees, they will be 
placed at the disposal of such committees, and if necessary, 
additional information will be gathered. 

In any comprehensive study of this broad question of protec- 
tion against overpressure, it is advantageous to consider the 
sources from which pressure is induced in vessels. In a large 
percentage of cases, the source of the pressure is mechanical pump- 
ing or compression with pressure regulation possible at the source, 
as is exemplified in air compressing and refrigerating systems; in 
these, overpressure is likely only on the rare occasions when con- 
trol apparatus fails. In the large number of cases where pres- 
sure is transmitted from the source through systems of piping, as 


16 Above 15 psig. 5 
16 “A S.M.E. Code for Unfired Pressure Vessels,’’ New York, N. Y., 


1940 edition, p. 2. 


in chemical and petroleum processes, there is no such simplified 
control possible; and the pressure may be increased from over- 
filling, overheating, chemical action, or improper operation. 
Of these several causes, probably the most serious is overheating. 
In chemical and petroleum plants, where the condition of volatile 
contents in vessels is inherent and in cases where pressure vessels 
with relatively nonvolatile contents have been subjected to ex- 
posure fires, disastrous explosions have occurred. This class of 
equipment (chemical and petroleum) is probably representative 
of those most difficult to control from a safety viewpoint. 

Tt is the observed tendency of codes and regulations to call for 
safety protection to meet the worst possible hazard which may 
be encountered and which, in pressure-vessel operation, is proba- 
bly the overheating that may result from exterior fire exposure, 
In the past, it has been customary (with few exceptions) to treat 
such disasters as acts of the elements which are beyond human 
control, but our investigations tend to show that this conclusion 
is not warranted. During the past 4 years, the authors have 
been devoting study to this phase of relief of overpressure and are 
now of the belief that even such extreme conditions as fire expo- 
sure can be foreseen and provided for. Our studies have covered 
the effects of exterior heating by small fires and conflagrations, 
the heat-absorbing capacity of pressure vessels with differing con- 
tents, and the capacity necessary in the form of pressure-relief 
devices; and it is now our desire to present the results for general 
consideration. 

From the observation that pressure vessels surrounded by fire, 
as in conflagrations, represent what is probably the most hazard- 
ous condition to which they may be subjected, the primary objec- 
tive in the investigation mentioned has been to determine the 
resulting rise in pressure and the extent of relief capacities neces- 
sary to limit pressure rises to safe values. It is believed that, if 
we thus provide adequately for the worst possible condition, more 
complete safety can be assured, and that some judicial body, 
such as the A.S.M.E. Code Committee, will be able to determine 
what measures are necessary for intermediate cases. It will thus 
be evident that the primary condition to be studied was that of a 
pressure vessel filled or partly filled with a volatile liquid and com- 
pletely surrounded by flame. With this object in view, the fore- 
going tests (summarized in Part 1) were carried out. 

A heat-input rate having been concluded in Part 1, it now be- 
comes necessary to correlate the several variables of container 
dimensions, working pressures, and properties of contents into 
useful expressions whereby the necessary relief capacity can be 
calculated in terms of relief area. This will be done in this sec- 
tion for vessels to operate at pressures above 15 psig. 


SUMMARY 


Developments herein are based upon the premise that the liquid 
contents of vessels involved in fire will absorb heat at the rate of 
20,000 Btu per hr per sq ft of wetted surface exposed, as devel- 
oped in Part 1 of this paper. 

It was concluded that two formulas, which are derived in the 
appendix, if properly applied to any vessel to operate at pressures 
above 15 psig, will specify the relief capacity in terms of area of 
opening required to limit the pressure rise within 10 per cent 
above the maximum allowable working pressure. These are as 
follows: 

The diameter of a relief connection (a short tube) necessary to 
relieve a pressure vessel adequately, when the volatile-liquid con- 
tents are vaporized by the heat of the external fire, is determined 
by the following formula 


— 9/_27:3S80 (P +448 
— (iia (Eas) : 
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(Corrected 
3- Formula A= HV/426 for 


A- Formula (7), based on vaporization of water 
5-Formula d= 
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(Graphical Solution from Table, page 38, 
with allowance for exposed bottom). 
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|- Fetterlus Formula, used by Association of American Railroads: 


from_tapered nozzle to short tube). 
2- Formula (7), d= ae (E448). (Based on vaporizing of volatile Liquids 
a2: Fire tube boilers, A.S.M.E. Power Code. 


ae (Based on the expansion of qas or vapors). ; 
6-N.B.FU. Standard No.30 for Flammable Liquids. 
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VessELts Exposep To Fire 


The diameter of a relief connection (a short tube) necessary to 
relieve a pressure vessel adequately when a gas or vapor (the only 
contents) is expanded by the heat of external fire is determined by 
the following formula 


ie ee GE BRU RS ote [8] 
V(P + 14.7) 


in which d is in inches, S,, under Equation [7] is wetted surface 


a 


exposed im square feet, S under Equation [8] is total surface ex~ 
posed in square feet, and P in either case is maximum allowable 
working pressure in pounds per square inch gage plus 10 per cent 
or the safety-device opening pressure, whichever is the lowest. 
The P in the second term of Equation [7] is not to exceed the 
numerical value of the critical pressure in pounds per square 
inch gage of the contents regardless of the working pressure. 

In order that the results of these formulas may be compared 
with other known proposals or standards, Fig. 10 has been in- 
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cluded. In this it may be noted that the specifications for tank 
ears of the Association of American Railroads!’ (Fetterly’s 
formula analyzed in Part 1) give relief areas (average over the 
range) about 10 per cent in excess of Equation [7]; that Equation 
(7] for volatile liquids gives relief areas about 50 per cent (in 
larger sizes) greater than those specified by the A.S.M.E. Code® 
for steam; and Equation [7] when modified by the properties of 
water, gives relief areas about 50 per cent less than the regulations 
for steam boilers. Although comparison of pressure vessels with 
boilers is hardly justified (wetted surface exposed to fire compared 
with boiler heating surface), it does show that the developed for- 
mulas give results in the logical direction. (About 6 times as 
much heat is required to vaporize water as to vaporize an equiva- 
lent weight of the volatile liquid considered.) 

For comparison of Equation [7] with the National Board of 
Fire Underwriters’ Regulations!® and the Safety Orders by the 
Industrial Accident Commission of the State of California?? for 
liquefied petroleum gases, see Fig. 11. 


ANALYSIS AND MurxHop 


The reasoning in arriving at Equations [7] and [8] is as fol- 
lows. 

When a vessel is enveloped with flame, heat is absorbed by the 
contents and temperature within rises. Ifthe contents be liquid, 
vapors are formed and boiling eventually occurs. The relief 
capacity must then be at least equal to the vaporization rate, or 
internal pressure will continue to rise and rupture may follow. 
If the weight rate of the relief connection is equated to the weight 
rate vaporized, Equation [9] results which is the origin of Equa- 


tion [7] 
1/4 
the \ IS. (4 Pre. A. * 
205.5P \ Mr? 


in which J is the heat-input rate in Btu per hour per square foot, 
S,, is surface as in Equation [7], P is absolute pressure; and the 
last term is the contents factor F, in which 7 is the boiling point 
at the pressure P in deg F absolute, r is the latent heat of vaporiza- 
tion in Btu per pound at temperature 7’, and M is the molecular 
weight. The simplification of this factor is outlined under the 
heading Contents Factor, to be discussed later. 

If a vessel contains gas or vapor and is exposed to fire, rapid ex- 
pansion of the contents takes place (refer to the pressure curve, 
Fig. 2, Part 1). The relief capacity must then be at least equal 
to the rate of volume increase, or uncontrolled pressure rise re- 
sults. If the weight rate of the relief connection is equated to 
the weight rate of expansion, the following equation results, which 
is the origin of Equation [8] 


gi/2 


(— T)*/8 
ee 


d = 0.02615 770.325 


in which Sis surface as in Equation [8], P is absolute pressure, and 
the last term is the gas-expansion variable, in which 7’, is the 
temperature to which the tank shell is heated, and 7’ is the initial 
gas or vapor temperature both in deg F absolute. This term is 
reduced to a constant by inserting temperature limits, as described 


WV “Specifications for Tank Cars,’”’ Standard, Association of Ameri- 
ean Railroads, Chicago, Ill., 1941 edition, p. 163. 

18 Minimum Total Areas in Fire Tube Boilers for Safety Valve 
Connection, “‘A.S.M.E. Code for Power Boilers,’’ New York, N. Y., 
1940 edition, p. f08. 

19 Standards of the National Board of Fire Underwriters, No. 58, 
“Liquefied Petroleum Gases,”’ New York, N. Y., August, 1940, Ap- 
pendix A, p. 42. 

20 “Handbook of Butane and Propane Gases,’”’ by George H. Fin- 
ley, editor, Western Business Papers, Inc., Los Angeles, Calif., second 
edition., 1935, p. 297. 


under Gas Expansion Variable, to be discussed. The rate of 
volume increase of a gas is always less (other conditions being 
equal) than the vaporization rate of liquids as will be seen. 

For derivations of Equations [9] and [10] refer to the Appendix. 

The relief capacity is proposed in terms of area of the relief 
connection (or connections) because the designer is primarily 
interested in selecting an adequate fitting of standard size for the 
vessel to be constructed, and because of the great variation in the 
capacity of commercial relief apparatus. This connection is ordi- 
narily an inserted short tube with a square inner edge, somewhat 
rough from the standpoint of fluid flow. The relief device may 
afterwards be selected of a capacity (based on approved flow test) 
to pass the vapor rate of flow computed from relief area, as will 
be explained later. Although the vapors and gases to be con- 
tained and discharged have been assumed as perfect gases, the 
formulas give results in the direction of safety when there is devia- 
tion from the gas law.?! 

Weight Rate of a Short Tube. The formula’ W = 306 aP 


x “/ M/T, whichis generally known, is used in this development. 
It is universally employed and of proved accuracy. This ex- 
pression is incorporated in the ‘““API-ASME Code for Unfired 
Pressure Vessels,” as the calculated capacity of relief devices 
of nozzle design. It was derived from the adiabatic flow of an 
ideal gas through an orifice, modified for flow above the critical- 
pressure ratio, and holds for this class of equipment having 
working pressures above 15 psig. 

As written, the formula incorporates an orifice coefficient of 
0.97 for a tapered nozzle. Generally, 0.83 is used for a short tube, 
such as the relief connection described (at pressures of this magni- 
tude). Thus the constant has been multiplied by 0.83/0.97 so 
that the formula reads 


for the vapor weight rate of a short tube in pounds per hour. 
Refer to the Appendix for nomenclature. 


1/4 
gf 
The Contents Factor F, () - To use Equation [9], d = 


r2 


ges Cray 
505 os (, i) , it isnecessary to find values of temperature 


and latent heat of vaporization for the compounds contained, 
compatible with the set pressure of the device, P. For many 
liquids (at various pressures) common to industry, these are not 
available; and if they were, their use in individual cases would 
result in numerous vent sizes adequate only for materials of like 
properties at the same condition. In an effort to facilitate the 
use of the expression, several studies were undertaken. 

Finally, it appeared possible that, if the properties of the known 
hazardous liquids were graphed, a value of the factor F might be 
chosen which would be satisfactory for the many compounds to 
be contained. Accordingly, Fig. 12 was prepared. This is a 
plot of the numerical value of the contents factor versus the vapor 
pressure of 36 compounds so far as latent-heat data are available. 
In so far as possible, a cross section was shown of the many types 
of liquids and gases commonly found in industry. If the graph 
were enlarged, additional curves at low pressures could be made 
intelligible in the more congested area for materials such as hex- 
ane, ethylene oxide, styrene, ordinary motor gasoline, isobutylene, 
vinyl chloride, and ‘‘Tetralin.” Although of limited number, 
those shown are sufficient for the development of the discussion,, 


21 “T)ischarge Capacity of Relief Valves for Oil Stills,’”’ by K. S. M. 
Davidson and D. W. MacArdle, reprinted from Oil and Gas Journal, 
by Crosby Steam Gauge and Valve Company, Boston, Mass., August, 
1929. 
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CONTENTS FACTOR “F~ 


Fie. 12 NumpricaL VALUE OF ConTEnTs Facrx 


Latent-heat data may be calculated with satisfactory accuracy 
for other liquids of particular interest by any of several methods 
found in recent literature. Those provided by H. P. Meissner*® 
and Donald F. Othmer?? are recommended. 

Further, the value of F for any compound at 15 psia may be 
quickly estimated by Trouton’s rule, under which conditions F 


22"TLatent Heats of Vaporization,’’ by H. P. Meissner, Industrial 
and Engineering Chemistry, vol. 33, 1941, p. 1440. 

23 “Correlating Vapor Pressure and Latent Heat Data,” by D. F. 
Othmer, Industrial and Enginéering Chemistry, vol. 34, 1942, p. 1072. 


is equal to (M/T 484)!/4, in which Mis the molecular weight and 
T is the normal boiling point in deg F absolute. It would then be 
expected from the similarities in the curves in Fig. 12 that the loci 
of values for the compound considered would approximately 
parallel those of the compound shown on the graph which is most 
like that considered in chemical structure and properties. 
Where two or more compounds are contained in a vessel, the 
value of the contents factor should be based on that which will 
produce the greatest vaporization rate when the volatility and 
weight per cent of the several components are considered. 
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To illustrate the relative effect of type of contents and magni- 
tude of pressure on the required relief area, Table 2 is given. 
The diameters were calculated for a large pressure vessel by Equa- 
tion [9], using values of the contents factor from the graph. The 
multiplicity of the sizes resulting, the increase of relief diameter 
with ratio of M/T of the compounds, and the decrease of relief 
diameter with pressure in the ordinary ranges are then 
readily apparent. (The decrease in relief diameters above 200 psi 
working pressure is slight.) 

To simplify the use of these data, it has been suggested that 


similar tables for various sizes of vessels be made, or that the 
properties of a liquid such as benzene be employed as a standard 
for values of the contents factor. However, these do not promote 
what appears to be the more practical manner of assuring ade- 
quate relief area for the contingency of fire exposure. The 
authors suggest that an arbitrary value of F be used which would 
specify minimum relief-connection size for vessels of any given 
capacity within certain ranges of pressure. This will also provide 
an adequate relief connection (within the limits shown in Table 2) 
for that class of equipment which undergoes changes in service 
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TABLE 2 ILLUSTRATING EFFECT OF DIFFERENT CONTENTS AND WORKING PRES- 
SURES ON CALCULATED SIZE OF SE Se FOR A 10,000-GAL PRESSURE 
H a 
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and which would be desirable from the standpoint of maintenance 
and operation. 

Values of F which might be used to specify the relief-connec- 
tion size are represented by the designated straight lines in Fig. 
12. Reference to Table 2 will show that practical values of d 
are obtained when F' equals 0.130 + 0.00025 (P + 14.7) or 
0.130 + 0.0003 (P + 14.7), and when relief devices are applied 
as suggested in the section, Summary for Use. For purposes of 
facilitating this development, it is the latter value of F which 
has been employed in simplifying Equation [9] to Equation [7], 
since it not only appears adequate, as will be explained, but is 
not exceeded (except by liquid air),24 within the limits of avail- 
able data at higher pressures by the individual contents-factor 
curves. Very probably, the relief area for pressure vessels larger 
than 10,000 gal nominal capacity should be computed by Equa- 
tion [9] for the individual contents when the necessary latent 
heat -vaporpressure data are obtainable. 

It is to be noted that the suggested value [0.1380 + 0.0003 
(P + 14.7)] of F gives diameters consistent with the large ma- 
jority of the compounds, but less than for some of those tabu- 
lated which have high ratios of M/T. Calculations show that 
this inadequacy holds only at pressures below 100 psig when the 
next larger pipe size is used as the relief connection. Inasmuch 
as pressure vessels usually incorporate a strength safety factor of 
5, the relief diameters are based upon a pressure increase limited 


24 This is as might be expected; since in the evaluation of the con- 
tents factor for gases, (7/MC,)/2, the numerical value of the factor 
for air was found to be larger than that for any other gas whose 
properties were available in the reference literature (refer to the 
Appendix). 
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This table does not infer that the compounds shown are necessarily processed or stored at the 
Calculations are based on the set pressure of the relief device being 10 per cent in 


to 10 per cent of the working pressure, and the vessels are as- 
sumed to be 90 per cent full of volatile material when exposed to 
fire, no doubt the straight-line value of F would prove adequate 
at any pressure. Such a value would also afford the benefits of 
standardization. It is understood, however, that such stand- 
ardization will not be wholly agreeable to all concerned, and 
further improvement in regard to simplifying the contents factor 
appears warranted. Nevertheless, the suggested value of F in 
no degree nullifies the value of Equation [9] in calculating the 
required relief diameter directly for any contents. 

Further, it should be noted that the individual curves of the 
contents factor flatten as the critical pressures of the compounds 
are approached. It is in this region that the latent heat of vapori- 
zation of the liquid approaches zero; and consequently, the 
individual value of F increases more rapidly so that the relief 
diameter increases slowly after having decreased rapidly with 
pressure below 200 lb working pressure. Such increase is in 
conformance with the trend of accelerated vaporization. How- 
ever, the value of F should not be increased beyond the point of 
critical temperature and pressure in those exceptional cases 
where processes operate at pressures such that the relieving pres- 
sure exceeds the critical pressure of the material being processed. 
Critical pressures and temperatures of representative compounds 
are listed in Table 2. (Processes which operate altogether above 
the critical pressure and temperature are in gas service and 
Equation [10] applies.) 


Ga ada 


The Gas Expansion Variable, 70.325 


The rate of volume increase just discussed is dependent upon 
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the rate of temperature rise in the contents (gas or vapor). This 
reduces mathematically (see derivation in Appendix) to the term 
shown. The probable maximum temperature difference is con- 
sidered to be 1100 F; that is, (7,,— T) = (1560 — 460) F abs, 
initial vapor temperature being zero F, and tank-wall tempera- 
ture rising to 1100 F. Conceivably, this temperature difference 
may be greater, but distortion and possible failure of steel plate 
above 1100 F may be expected, even though the internal pressure 
is limited to a 10 per cent rise. When these temperature limits, 
typifying severest conditions, are inserted, the variable reduces 
to the constant 10.85. 

The variable was derived using the properties of air in order 
to obtain maximum values and so provide adequate relief for any 
gas or vapor. Refer to the Appendix for comparison of values 
obtained with properties of other gases. 


Flow Capacity in Terms of Area 

Tf the relief area (not the next larger pipe size) as just deter- 
mined, the molecular weight of the contents, and the absolute 
vapor temperature at the relieving pressure are inserted in weight 
rate Equation [11] of a short tube (a relief connection), the neces- 
sary capacity of the relief device may be computed. The ap- 
paratus may then be selected of a capacity (based on approved 
flow test) to pass the calculated rate which is as follows: 


M 
W = 262 aP yw per hr of vapor........ [11] 
1682 aP 
Q= EEE, tn aen Wot ives vapor coeds eacnesen 
V MT 
pet eenlgt teomeielat BOF able. [13] 


VP 
W = 42.7 aP |b per hr of saturated steam... . [14] 


In all these cases, a is in square inches, P is the opening pressure 
of the relief device in pounds per square inch absolute, is the 


molecular weight of the contents, and J is the contents vapor 
temperature in deg F absolute at the pressure P. 

For conditions of fire exposure, 7’ is approximately the tem- 
perature of the liquid contents when P is the vapor pressure, 
which may be obtained from temperature -vaporpressure data. 
For vessels in gas or vapor service only, 7’ is approximately the 
temperature necessary to raise the pressure in the vessel from the 
absolute working pressure and temperature to the absolute set 
pressure of the relief device, as computed by the gas law, T7/P = 
EE | Pe 

The source of Equations [11], [12], [13], and [14] will be found 
in the Appendix. 

It is in this determination of the capacity of the relief device 
(or devices) that allowance is made for the individual contents 
and immediate service, it being proposed, as already inferred, 
that the relief connection be the same size on all vessels of given 
capacity and range of working pressure. When equipment is so 
provided with adequate relief area for volatile compounds in the 
form of relief connections, the relief devices may be replaced to 
provide for any change in contents or more severe working condi- 
tions from the standpoint of relief requirements. 

The procedure in determining the size of connections, capacity 
of devices, and selection of relief apparatus will be outlined in the 
Summary for Use. 


The Time Element 

If a vessel exposed to fire is large and the contents are of such 
properties that there would be a long delay before boiling and 
maximum efflux would occur, it would be desirable to select the 
relief device to provide for the vaporization rate which would 
take place within a certain safe period. The time required for 
the liquid contents of a steel vessel to reach a given average 
temperature during fire exposure may be approximated by use 
of the following formula 


VeC,(T — 70) , 4.87(T + 20) 
S,. I 
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in which 6@ is the time in hours, V is volume of liquid contents in 
cubic feet, p is the density of the liquid in pounds per cubic foot, 
C,, is the specific heat of the liquid, T is the boiling point at the 
opening pressure of the relief device or temperature reached in a 
period @ in deg F, S,, is the wetted surface exposed to fire in 
square feet, J is the heat-input rate (20,000 Btu per hr per sq ft), 
and ¢ is the thickness of the tank shell (steel) in inches. Deriva- 
tion of this expression will be found in the Appendix. 

The time required for volatile contents to reach the boiling 
point during fire exposure is very short. To illustrate, Fig. 13 
has been included. It was assumed that the vessels were 90 
per cent full with 85 per cent of the total surface wetted and 
exposed—a quite normal condition. Properties of the contents 
were taken as those having an F value of 0.142, and as otherwise 
noted in the caption of Fig. 18. Under these conditions, a short 
time element and a maximum venting rate may be expected. 
It will be seen that the time element is very largely a function of 
the diameter of the vessel. The calculations indicate that most 
(those under 20 ft diam) pressure vessels with volatile contents 
at 15 psi will boil when exposed to intense fire in less than 1/2 hr. 

When vessels are in gas or vapor service and become exposed 
to fire, the maximum venting rate will be reached within such a 
short period as to permit no reduction of the relief capacity as 
calculated by Equation [8]. Fig. 2, Part 1, shows this very 
clearly. 


Effect of ‘‘Outage”’ 

The term “outage” is used in the literature pertaining to con- 
tainers to indicate the proportion of a tank which contains vapor 
rather than liquid. Thus, a tank which is only 40 per cent filled 
would have an ‘‘outage” of 60 per cent. Although this term does 
not appear in the developed formula, it has been considered. 
If the wetted height of the tank shell is used rather than the 
nominally full wetted height, the effect of “outage” is provided 
for. It is true that as the “outage” increases, the unwetted wall 
temperature will rise; but heat will be lost by conduction and 
radiation to the colder portions of the tank, and the hot wall 
temperature (steel) will probably not rise above the “critical’’ point 
of about 1100 F. When the “outage” is large, the wetted height is 
small, and the rate of vaporization is low; and although the 
vapor temperature will be higher than the temperature corre- 
sponding to the boiling point, it can be shown that the highest 
venting rate will occur when a tank is full of liquid. 

The time required for a completely empty steel tank to reach 
1100 F in a fire of intensity J would be approximately 

5144 t : 
— Os! or 0.320 ¢ for 20,000 Btu input rate... . [16] 
in which @ is time in hours for the tank wall to reach 1100 F, t 
is thickness of tank in inches, and J is intensity of fire in Btu 
per hr per sq ft. Thus in a fire of the intensity of 20,000 
Btu per hr per sq ft, a tank made of !/;-in. steel would reach 1100 
F in about 5 min. 


6 = 0.320 X 0.25 = 0.080 hr = 4.8 minutes 
This agrees very closely with time-temperature observations 
made by the Underwriters’ Laboratories, Inc., in their tests pre- 
viously referred to.1° The source of this formula will be found in 
the Appendix. 
Effect of Ranges of Pressure on Relief Areas 


As mentioned previously, the internal diameters of the required 
relief connections vary rapidly with changes in working pressure 
up to about 200 psig. To show this clearly, Equation [7] 


he 97.3 S, (2 43 ae) 
Vex 14.7) \ 3333.3 
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for vessels in volatile-liquid service has been graphed at 15, 60, and 
200 psig working pressure, Fig. 11. Above 200 psi, a very gradual 
change in the required relief diameter continues, but the pipe 
size will not be affected for vessels of 10,000 gal nominal capacity 
or less until pressures above 700 psig are reached. 

It is seen from Fig. 11 that it would be practical and economical 
to use different size relief connections for different ranges of 
working pressure on vessels of the same capacities. Further 
examination of the graph will disclose that the curves at the pres- . 
sures indicated conform largely (more so than at other pressures 
when trial calculations are made) to pipe sizes. To take advan- 
tage of this effect, relief-connection formulas for ranges of working 
pressure will be provided in the Summary for Use. 

In order to complete the comparison. described under the 
Summary, of Part 2, the relief sizes of the National Board of 
Fire Underwriters and the State of California for liquefied petro- 
leum gases at 200-psig working pressure have been added to Fig. 
11. The difference between these and Equation [7] is principally 
due to the higher heat-absorption rate, although a somewhat 
larger contents factor is used in Equation [7]. 

A study of the shapes and proportions of vessels will disclose, as 
mentioned previously, that when calculating relief areas for con- 
nections, it is always adequate to use 85 per cent of the total ex- 
terior surface as the wetted area, provided the normal filling is 
not more than 90 per cent of the total volume. This has been em- 
ployed in providing formulas for sizes of connections. 


Emergency and Normal Relief 


It is to be recognized that the requirement for relicf of over- 
pressure due to fire exposure represents an abnormal condition, 
and that this requirement, in most cases, is greatly in excess of 
that required to provide for operation fluctuations or disturbances. 
This latter requirement is considered by the authors to be “nor- 
mal” relief and the former ‘“‘emergency”’ relief. More specifically, 
normal relief is that required by process overheating, overfilling, 
improper operation, failure of control apparatus, the human ele- 
ment, plugging or mechanical failure within the system, etc. 
Emergency or abnormal relief is considered that due to fire ex- 
posure or uncontrolled, internal, chemical reaction. 

The two present separate problems. Required normal relief 
can be determined from analysis of physical conditions within the 
system and calculation of the possible maximum ‘‘through-put.”’ 
Relief required, due to fire exposure, may be provided for as out- 
lined in this paper. As stated, the two requirements are widely 
separated in most cases, and it is practical to provide separate 
devices for the purposes as will be proposed. 

Internal reaction is an emergency requirement not easily deter- 
mined. The multiplicity and range of chemical reactions or rapid 
decompositions defy classification of rates of volume increase. 
Where likelihood of such expansion exists, special analysis and 
provisions are necessary to safeguard the individual installation. 

On the other hand, there are special installations and processes 
in which the normal relief is the larger requirement. Some of 
these may be (depending upon analysis) vessels covered with 
substantial, fire-resistive insulation, those partly so insulated, 
vessels protected with reliable cooling systems, vessels processing 
nonhazardous plastics and semi-solids, ete. In some such cases, 
it will be apparent after analysis that no supplemental relief 
capacity need be provided for fire exposure as long as the im- 
mediate service is not made more severe from the standpoint of 
fire contingency; but these allowances in relief-device capacity 
should not effect a reduction in the area of the relief connection 
for fire exposure as previously specified. When vessels are 
partly protected with nonflammable insulation, the formulas 
may be correctly applied to the exposed surface in determining 
the necessary capacity of the relief device. 
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Relief due to fire exposure is assumed to be the release of vapor 
only. Liquid expansion due to the increased temperature is 
relatively negligible. 


PRoposED SUMMARY FOR USE 


1 Minimum sizes of relief connections for vessels not exceed- 
ing 10,000 gal nominal capacity (585 sq ft of wetted surface ex- 
posed): All pressure vessels should be provided with an emer- 
gency relief area (or areas) in the form of nozzles or connections. 
This area should be that computed by the following formulas or 
that required to limit the rise in working pressure to 10 per cent 
(as based on maximum possible “through-put’”’ due to operation 
fluctuations or disturbances as defined), whichever of the two is 
the larger: 

For vessels to have a working pressure from 15 to 60 psig, 
use 


a = 0.0405 S ord = \/0.0515 8....952.... [1)’ 


For vessels to have a working pressure from 60 to 200 psig, 
use 


a = 0.0192 Sord = 00.0244 8........... [2]’ 


For vessels to have a working pressure from 200 to 700 psig 
use 


a = 0.01112 S ord = V'0.01415 S.......... (3]’ 


In Equations [1]’, [2]’, and [3]’, @ is the relief area (or total 
areas) in square inches, S is the total external surface of the vessel 
in square feet, and d is the internal diameter of the circular relief 
opening in inches. 

For vessels to have a working pressure above 700 psig, use 


97.38, (P+ 448 ; 
ao (HBB (2488) 


in which d is as just given, P is the set pressure of the relief device 
(normally 1.1 the working pressure) in pounds per square inch 
gage, and S,, is the surface in square feet wetted by the contents 
and exposed to fire, P in the second term is limited to the critical 
pressure of the compound in process. 

For vessels larger than 10,000 gal nominal capacity (585 sq ft 
of wetted surface exposed), use 


ALES ea) 
~ VP +147) \Mr? 


in which the symbols are as in the preceding paragraph except 
those in the last term which is the contents factor. It should be 
evaluated directly from Fig. 12, or calculated as recommended 
under the heading Contents Factor. In all cases, the nearest, 
suitable pipe size (or sizes) of adequate area should be used. 

2 Relief capacity in terms of area required at any pressure; 
liquid service: All pressure vessels in liquid service, or if used in 
systems which contain liquids, should have a relief flow capacity 
equivalent to the internal cross-sectional area (not the nearest 
pipe size) of a short tube, as calculated by the following formula, 
or that area required for “normal” relief, as described in para- 
graph 1, whichever is the larger 


Ae: \ 97.3 Se ( ee 
~~ Vp +147) \Mr? 


In Equation [6]’, a is the relief area (or total of areas) in square 
inches, S,, is the wetted (wetted by the liquid contents when 
nominally full) surface exposed in square feet, d is the inside 
diameter of the free circular opening in inches, and P is the 
maximum allowable working pressure plus 10 per cent in pounds 


1/4 
) and a = 0.7854 d?... . [6]’ 


T \\/4 
per square inch gage. The term ( ie) is the contents factor 
ib 


and is evaluated as described in the preceding paragraph under 
Equation [5]’. (This is the emergency relief capacity required for 
vaporization of liquids due to fire exposure.) 

Exceptions: In those exceptional cases where a, as determined 
by Equation [6]’, exceeds the area of the relief connection, as 
set forth in paragraph 1, the relief connection will have to be 
increased or allowance permitted as suggested near the end of the 


T \i/4 
section The Contents Factors F, (7) . If the relief capacity 
r 


in terms of area approaches that of the relief connection, multiple 
relief devices will be required and should be applied as described 
in paragraph 5. 

3 Relief capacity in terms of area required at any pressure; 
gas or vapor service only: All pressure vessels in gas or vapor 
service and in gas systems where no liquid can accumulate 
should have a relief flow capacity equivalent to the internal cross- 
sectional area of a short tube, as determined by the following 
formula, or that area required for ‘‘normal” relief, as described 
in paragraph 1, whichever is the larger 


0.0631 S 


V(P + 14.7) 


: VP +147) _ 


In Equations [7]’, a is the relief area in square inches, S is the 
external exposed surface in square feet, d is the inside diameter of 
the relief connection in inches, and P is the maximum allowable 
working pressure plus 10 per cent in lb per sq in. gage. This is 
the emergency relief capacity required for gas or vapor expansion 
due to fire exposure. 

4 Relief capacity of the required areas in terms of fluid flow: 
To select a relicf device (or devices) of adequate capacity (based 
on approved flow test), use the area a, as determined in para- 
graph 2 or 3, in any one of the following formulas as the case 
may require: 


AeA}? 


W =262.0aP V M/T |b of contents vapor per hr.......... [8]’ 
1682 aP 
= n/ UT cfm of vapor at 68 F and atmospheric pressure[9] ’ 
53.0 aP 
Q= ee cfm of air at 68 F and atmospheric pressure[10]’ 
T 
W = 42.7aP lb per hrof saturated steam................. {11)’ 


In Equations [8]’, [9]’, [10]’, and [11]’, a is in square inches, and 
P is the opening pressure of the relief device in pounds per square 
inch absolute; M is the molecular weight of the contents, and 
T is the contents vapor temperature in deg F absolute at the 
pressure P. For conditions of fire exposure, T is approximately 
equal to the temperature of the liquid contents when P is 
the vapor pressure, which temperature may be obtained from 
temperature -vapor pressure data. For vessels in gas or vapor 
service only, T is approximately the temperature necessary to 
raise the pressure in the vessel from the absolute working pres- 
sure and temperature to the absolute set pressure of the relief 
device, as computed by the gas law, T/P = T’/P’. 

5 Normal and emergency relief devices: It is preferable that 
separate spring- or weight-loaded safety devices be used for the 
‘normal’ relief requirement as described under that heading. 
The additional devices necessary to provide for fire exposure or 
internal reaction may supplement those required for operation 
fluctuations or disturbances. These may be in the form of rupture 
disks, safety heads, pilot-operated valves, or other apparatus 
and should be installed as specified in the recognized codes. If 
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rupturing devices are used, they should be calibrated to release 
at a pressure 50 to 100 per cent above the working pressure but 
not. to exceed the test pressure of the vessel. In the exceptional 
cases where the “normal” and “emergency” relief are so nearly 
equivalent as to make the installation of multiple devices not 
economical, the one device should be of the capacity of the 
larger of the two requirements and set to relieve 10 per cent 
above the working pressure. 

In those cases where the relief for operation fluctuations may 
be the larger requirement because of substantial fire-resistive 
insulation, nonhazardous contents or surroundings, etc., Equa- 
tions [6]’ and [7]’ may be applied on the basis of the part of the 
surface not covered, or the part possible to be exposed when ar- 
riving at the relief capacity. 

6 Back pressure: The pressure on the downstream side of the 
relief device should be limited to a maximum of from 10 to 25 
per cent of the set pressure which must be adjusted to counteract 
the back pressure. If this limit is exceeded the capacity of the 
relief device may be reduced and redesign become necessary.”! 

7 Lower limit of size: For reasons of mechanical strength, it 
is recommended that no relief connection or safety device for 
manufacturing or service equipment be smaller than 1/, in. pipe 
size, regardless of the size of vessel to be protected. 

8 Time element: To estimate the time for volatile liquids in 
a vessel exposed to fire to reach a given average temperature, 
apply the following formula 


4.87 t(T + 20) 
20,000 


VpC,(F — 70) 
> $326,000 


In Equation [12]’, 6 is the time in hours, V is the volume of the 
liquid in cubic feet, p is the density of the liquid in pounds per 
cubic foot, C, is the specific heat of the liquid, T is the boiling 
point at the opening pressure of the relief device, or temperature 
reached in a period @ in deg F, S,, is the wetted surface exposed 
in square feet and ¢ is the thickness of the steel shell in inches. 

If 6 is 1/2 hr or more (approximate time element for 20-ft-diam 
vessels containing volatile liquids at just above 15-psig working 
pressure) and there is assurance that effective cooling or fire- 
extinguishing equipment will come into operation during the 
half-hour period, the emergency-relief capacity may be reduced 
to the vaporization rate produced by the temperature rise within 
the half hour. For vessels exposed to fire in gas service, the maxi- 
mum venting rate will occur within such a short time as to permit 
no modification of the calculated emergency relief. 


CoNCLUSION 


The conclusions as outlined under Summary and detailed 
under Summary for Use are based upon the foregoing theory 
which is mathematically expressed in the Appendix. 

The formulas proposed give relief capacities much greater than 
are at present employed and which are not adequate for the 
abnormal condition of fire exposure. 

For example of use of the formulas refer to the Appendix. 

Proposals herein hold only for pressures above 15 psig. For 
vessels operating at pressures not exceeding 0.50 psig, Part 3 will 
give details, Part 4 will appear at a later date covering vessels 
operating from 0.50 through 15 psig. 

In addition to the lack of complete specifications in the recog- 
nized codes for the pressure-relief requirements of vessels, and the 
general statement that present relief areas as proposed by regula- 
tory bodies were found to be inadequate for fire exposure, it has 
been suggested that further information be given to justify this 
study which shows a method of computing relief capacities for 
the contingency of fire exposure. 

In its present form, the paper is based upon the mathematical 
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development of the observations of vessels exposed to seven man- 
made fires by four separate organizations, as described in Part 1 
of this paper. Since its preparation, two other similar tests by 
another company have been received, which support the tests 
herein analyzed. 

Also in evidence are the reports of four equipment failures 
from accidental fire. These were vessels constructed in accord- 
ance with the A.S.M.E. Unfired Code and provided with relief 
areas compatible with a heat-absorption rate when exposed to 
fire of 7000 Btu per sq ft of wetted surface per hr. Three con- 
tained stable compounds, and the contents of the fourth probably 
underwent partial dissociation above the boiling point. All of 
the several contents had low-vapor pressures, boiling at much 
higher temperatures than water. No exact data on the fire in- 
tensity were obtained, but trial calculations by the developed 
formulas, using what data were available, gave results favorable 
to the test observations. 

Further, the authors have reports of 31 failures of equipment 
(not due to fire exposure) other than those which may be obtained 
from several recording associations. Of these, 20 were due to 
excessive external pressure and 10 from excessive internal pres- 
sure. The overpressures occurred from miscellaneous causes for 
which the “normal” relief capacity should have been adequate, 
and it is not doubted that many of the failures would have been 
prevented had relief capacity for fire exposure also been incorpo- 
rated in the installations. 

Since it is not possible to specify a “normal” relief requirement 
for pressure vessels except by individual analysis of physical 
conditions within the process, and since it is possible to determine 
and provide relief capacity for fire exposure in a practical and 
relatively inexpensive manner, it is felt that this paper may 


. provide a beginning for discussion, compilation of experience, and 


study which might eventually lead to more specific and safe 
specifications for minimum pressure-relief requirements. 


Appendix to Part 2 
DERIVATION OF GENERAL EQUATIONS [9] oR [3]”, AND [10] or [15]” 


Vapor weight rate of a short tube (above 15 psig) 


W = 306 aP y" API-ASME 
T Code: Weight 
0.83 | vate of tapered 
Ww = 306 x 0.97 aP y nozzle 
Ww 262 aP y" 
a a — 
at 
or 
M 
W = 262 X 0.7854 d?P 7 
W = 205.5 dP \" re 
=F 0.0 a T° ee ed 
in which 


(Coefficient of flow of a short tube = 0.83) 


W = rate, lb per hr 

a = orifice area, sq in. 

P = inlet pressure, psia 

M = molecular weight of vapor 

T = vapor temperature, deg F abs 
d = orifice diameter, in. 
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Weight rate vaporized 


=f nus etch rah (11)? 
Ob CWT a 
Sy S, Equate [10]” to [11]” 
IS, VMP aT w 
a as Pens a Gone O ne Pall ey pet 
- (2] i hee (12]” 
in which 
Q = total heat input, Btu per hr on he EE ieee. t, [13]” 
S, = wetted surface heated, sq ft d@ @ VMP 
r = latent heat of vaporization, Btu per lb Equate [9]” to [13]” 
I = unit heat input, Btu per hr per sq ft Ris 
W = liquid vaporized, lb per hr FS aTe/4 ne SMS 14)" 
Required diameter of a short tube to pass the weight rate VC, BALE lg os cana 
vaporized: Equate [1]” and [2]” ncricch 
1s M w= weight of contained gas or vapor, Ib 
— = 205.5 d?P 4/— Cy = specific heat of gas or vapor 
i rT dT = change in temperature 
Is . 1/2 1 dé@ = change in time 
a =— ( ) ( ) Q = total heat transferred, Btu 
r \M 205.5 P @ = time, unit hr 
Ig p \i/4 h = heat-transfer coefficient, Btu per hr per sq ft per deg F 
d= “ ; Ree aces an £2) S = tank surface heated, sq ft 
205.5(P + 14.7) \Mr AT = difference between tank wall and contained gas, deg F 
To apply Equation {3]° V= volume of contents gas or vapor, cu ft 
d = diameter of relief connection, in. p = density of contents gas, Ib per cu ft 
I = 20,000 Btu per hr per sq ft M = molecular weight of gas or vapor 
S, = wetted surface heated, sq ft P = pressure, psia 
P = set pressure of device, 1.1 working pressure, psig R = gas constant, 10.72 
T = boiling point at P, deg F abs T= temperature of gas or vapor, deg F abs 
M = molecular weight of contents ee function of physical properties of a gas 
r = latent heat of vaporization at T du; = change in weight 
Ww ; 
Weight rate of expansion of gas or vapor due to heat trans- W= re venting rate, Ib per hr 


ferred to a tank: : 
Required diameter of a short tube to pass the weight rate of 


wl Ts wll. ABN ee S 4]” gas expanded due to heat transferred to a tank (the same nomen- 
har [4] 
@ clature is used as in the preceding group): 
Q Insert Equation [1]” in [14]” 
hS aT = Qi nets [5]” as BE 
2 PF 
DOs SGP Ale fe ens OE 
MP SE NAGA VpC, 
w= Vip = Rr {6]” ‘hey us 
oe SAP eve. 9 Tks 
From Equations [4]” and [6]” ~ VpC, RT? 205.5P \M 
aT ; q A ps /4 
vc. — = Gin yen GY yang ern [7] Fi es| ee ee | MA 
qo 8 C,Mi/2) 205.5 RT3/2, 
h = FAT'4 (ref. 5, Equation [16], p. 240) ee ( a 
Mm whic. ie 
From Equation [5]” RT 
aug Q F 1/2 gl/2 AT9/8 
FAT! /48 aT - 6 S iey/ahek wages sus eke ate kegs [8]” d= C,Mi2 * 14.33 pi2 : pis 
Equate [7]” to [8]” edie Ppi/4 gi/2 AT®/8 
> i 10.0753 14.33 P}/2 Ti/4 
dT ey 
VeC, — = FSar’ pi/4 
do Refer to following paragraph for 0.375 Po.0788 
av FSAT*/4 k 
: Sy Se oid Cub eo ne Ob ne {9]” Si/2 ap/8 
dé VC, d = 0.02615 5374 * Tome tt [15]" or [10] 


From Equation [6]’ 
To apply Equation [15]” 
—VMP aT (10}" d = diameter of relief connection, in. 
R [ames me aS S = surface exposed, sq ft 
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set pressure of relief, 1.1 gage working pressure plus 14.7 
Es ao T) 

T,, = temperature to which tank wall is heated, deg F abs 

= initial temperature of tank vapor, deg F abs 


1/2 
The term (eae) in the foregoing, relating the properties 
of the contents fluid, was replaced by its maximum value 
Ws 


70.0753" 


b'v 
< 
Not 


= 
| 


0.375 This is justified in the following manner: The value 


of F, a function of the physical properties of a gas, varies with both 
temperature and pressure as will be seen. The value C>, specific 
heat at constant pressure, varies with temperature. Inasmuch 
as pressure and temperature are working conditions to remain in 
the relief diameter Equation [15]”, it is desirable to express the 
subject variable in terms of Pand T. Now 


1/4 
2BC hk 
F=D ee (ref. 5, Equation [20}, p. 242) 


F_ ae E BC yk 1/8 
C,Mi/2 C,,4M2Z 


Wes les el a 
ee omens 


in which 
F = 0.27 for air at 68 F and atmospheric pressure 
D = proportionality constant 
k = thermal conductivity 
C, = specific heat 
p = density 
B- = coefficient of thermal expansion 
Z = viscosity 
M = molecular weight 
R = gas constant 


‘Since B, M, and the ratio C,Z/k (ref. 5, p. 417) are independ- 
ent of P and 7’, we may write 


F 1/2 
(ae = D'(p2Z2) 1/8 
U pt 


and p fora gasis MP/RT, then 


1/2 AnD 1/8 
peels es = —' M*P 5 As 
C,Mi? Rey? 


Again M and R are independent of P and T, so 


PF 1/2 P2z2 1/8 
eae =D? = 
C,Mi/2 T? 

P27 1.398 1/8 
=D a re 


TABLE 3 

Gas ke Cp? Ze 

Pr ies 57 ie ratty ay 0.0161 0.24 0.018 

Hydrogen. 2.0... 2. 0.1075 3.50 0.009 
Acetone wwuecccn oe» 200085 0.34 0.0077 

Acetylene......... 0.0124 0.43 0.010 
SENZONC. nwekar ave,  ‘OnO062 0.26 0.0075 
Ethyl alcohol...... 0.0089 0.40 0.0094 
Ethyl ether........ 0.0088 0.46 0.0077 
Water ticaas Reet 0.0110 0.48 0.0097 
Pentane...5 54. 2s, BO RO0SS 0.34 0.0063 
Carbon dioxide..... 0.0109 0.21 0.0146 
0.0054 0.16 0.0103 


MERGOD LLG thas were 


® Ref. 5, various pages. 
«4 
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F 1/2 pi/4 
C,M\/2 ee [10.0753 


Z? Varies with 7 for air as follows: 


Ty Z Z2 
460 deg R 0.0162 0.0002625 
528 0.018 0.000323 
660 0.021 0.000440 
860 0.025 0.000625 

1060 0.029 0.000840 
1260 0.032 0.001050 
1460 0.036 0.001295 
1560 0.038 0.001444 
1560\*” 1.444 
= n= ——— = § 
(Ga) (3.39) 0.2658 5.50 
n = 1.398 


When P = 14.7 psia, and T = 528 deg R, Cp = 0.24 and F = 
0.27 for air 
( 0.27  \1/? _ (598)0.0788 
~ \0.24 x 291/2 (14.7)1/4 


D” = 0.375 
and 


F IV, 
san) gives 
higher values for air than for any other gases whose properties 
are available in the reference literature. To do this we use Mc- 


Now, it is also necessary to show that ( 


_Adams Equation [20],?° again which is 


1/4 
p?BCyk3 
F = D \ —— 
( Z 


and in which the nomenclature is as before. Again, p = MP/RT 
and B = 1/492. Then, at a constant pressure and temperature 
it would be expected that / would vary for different gases as 


follows: ; 
1/4 
M?Cpk8 
job sD) 
ee 


271 43\ 1/4 
At 1 atm pressure and 20 C, F = 0.27 and (* oe ) 


0.465 for air, so that the F value for any other gas, whose molecu- 
lar weight, specific heat, thermal conductivity, and viscosity 
are known, may be determined from the relation 


_ 0.27 (ee vhs 
* 0.465 VAs: 


in which the subscript g applies to the gas other than air. On 
this basis, the F value for a number of representative gases has 


% Ref. 5, p. 242. 


VALUE OF F FOR REPRESENTATIVE GASES 


kiC pM? ee F 
M+ Z Z F CpM1/2 
29 0.0468 0.465 0.270 0.209 
2 1.9324 1.181 0.685 0.138 
58 0.0408 0.448 0.260 0.100 
26 0.0554 0.485 0.281 0.128 
78 0.0502 0.472 0.273 0.135 
46 0.0634 0.501 0.290 0.107 
74 0.222 0.687 0.398 0.100 
18 0.0213 0.382 0.221 0.108 
72 0.1599 0.632 0.366 0.127 
44 0.0360 0.436 0.252 0.181 
187 0.0855 0.542 0.313 0.143 
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been calculated as shown in Table 3, and it will be noted that the 


1/2 
value of (<tr) for air is greater than for any of those values 
so obtained; and for many others, such as ammonia, nitrogen, 
and oxygen, whose properties were considered but not listed in 
the table. 


Usk or GENERAL Equations [9] or [3]”, AND [10] or [15]” 


The following example is given of the use of Equation [3]” for 
a"10 ft 6 in. diam (D) X 18 ft 10 in. high over-all vertical tank 
with dished heads, nominally full of ethyl ether, operating at 15 
psig, and surrounded with intense fire 


1S T 1/4 
d= WVo055@ +147 Be 


20,000 XK 583 
eA BM 
nm x 31.2 ste 


d = 5.96 in. 
in which 
S, = 7D(0.266 D + L) 
= height of straight shell to filling level, ft 
S, = w 10.5(0.266 X 10.5 + 14.9) 
S,, = 583 sq ft 
P= (16:5 -- 14:7) = 312 


T 1/4 
(a) = 0.140 (see Fig. 12) 
Tr 


An example of the use of Equation [15]” for a 10 ft 6 in. diam 
(D) by 18 ft 10 in. high over-all air tank with dished heads, operat- 
ing at 15 psig and surrounded by intense fire, is as follows 
gi/2 (ie T)5/8 


d Pi/4~ — p0.326 


0.02615 


0.02615 X 26.45 X 10.85 
2.363 


d = 3.17 in. 


in which 
wD(0.582 D + L) 
length of straight shell between heads, ft 
mw 10.5(0.532 X 10.5 + 15.67) 
700 sq ft, S!/2 = 26.45 
= (0 + 460) = 460 F abs 
T,, = (460 + 1100) = 1560 F abs 
T)?/8 = (1100)°/8 = 79.5 


70.825 = (460)9.325 = 7.33 
(T, . T)9/8 / [0.325 = 10.85 


RANNM 
NN 


ll 


Cli a 


P = (16.5 + 14.7) = 31.2 
pi/4 = 2.368 


SIMPLIFICATION OF GENERAL EXPRESSIONS TO EQuATIONS [7] OR 
[16]”, anp [8] or [17]” 


The diameter of a connection necessary to relieve a pressure 
vessel in liquid service when involved with conflagration is as 


follows: 
Ves(m) Re 
205.5 P \ Mr? fess ee ee eee = SER Baie ae my 
20,000 8 : 
= 4" — x [0.130 + 0,0003 (P + 14.7 
Se NaI) (P + 14.7)] 


d 


Il 


97.35, _ ie a, 0) 
d= ry £2 ee eRe [16] ” 
(P + 14.7) \ 3333.3 


in which 


~ 
ll 


20,000 Btu per hr per sq ft 
T \1/4 
(4) = contents factor, Fig. 12 
Mr 


mR 
€ 
\ 


= wetted surface exposed, sq ft 
P = 1.1 working pressure, psig 
The diameter of a connection necessary to relieve a pressure 
vessel in gas or vapor (only) service when involved with conflagra- 
tion is as follows 


1/2 


d = 0.02615 pia * 


(T,, — T)*/8 
[9.325 


1/2 
0.02615 pi/4 x 10.85 


yi 0.0803 S 
on a 
V(P + 14.7) 


a 
ll 


in which 
S = surface exposed, sq ft 
Bo 1ye/8 : 
ie Ga = gas expansion variable, as described under that 


heading, and as reduced to maximum constant 
(10.85) in preceding example 
P = 1.1 working pressure, psig 


oa 


Usu or Equations [7] or [16]”, AND [8] or [17]” 


An example of the use of Equation [16]” for a 10 ft 6 in. diam 
by 18 ft 10 in. high over-all vertical tank with dished heads, 
nominally full of volatile liquid, operating at 15 psig, and sur- 
rounded by intense fire is as follows 


; eee i ) . \. 97.3 X 583 ee 
“Ve +147) \ 33333 / ~ Yaes + 14.7) \3333.3 


d = 5.94 in. 


The following example gives the use of Equation [17]” for a 
10 ft 6 in. diameter by 18 ft 10 in. high over-all tank with dished 
heads in gas (only) service, operating at 15 psig, and surrounded 
by intense fire 


ah 0.0803 S __ .| 0.0803 x 700 
V/(P + 14.7) \/ (16.5 + 14.7) 
d = 3.17 in. 


SIMPLIFICATION OF WeIGHT Rate To Vapor FLow Capacity IN 
TERMS OF AREA 


Weight rate of flow 


M 
W = 262 aP 4M toperts Se ee ee cas Oe ae fay 


Flow capacity in terms of cubic feet of vapor per minute 


W lb 


ft = ——_——_ 
beat p lb per cu ft 
g = 262 e 1/2 10.72(528) 
= a. 
60 Th M (14.7) 
1682 aP 
= = cfm of free contents vapor at 68 F’.. [18]” 


V MT 
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where 


MP M(0+14.7) M (44.7) 


at 68 F and atmospheric pressure 


Flow capacity in terms of cubic feet of air per minute: 


= Cees lb per see of air?é 
Va 
W |b 
Rca ie p lb per cu ft 
0.533 X 0.83 x aP X 60 
Q 8S ewe SL ee eee 
0.0752 VT 
4) = iE cfm free air at 68 F......... [19]” 
where 
C = orifice coefficient, 0,83 
MP 29(14.7) 
p = 


RT  10.72(528) 


p = 0.0752 at 68 F and atmospheric pressure 


Flow capacity in terms of pounds of saturated steam per hour: 
Napier’s formula 


JP 
= lb per sec 


Ue 70 


ll 


aP 
—— >< 15000)><10) 
70 <x 3600 X 0.83 


(0.83 coefficient of flow for a short tube) 


Ww 


W = 42.7aP lb per hr of saturated steam...... {20]” 


DERIVATION AND Uss oF TIME ELEMENT FORMULAS 


The estimated time required for the liquid contents of a vessel 
to reach a given temperature is derived as follows: 


IS,, = total heat input, in Btu per hr 


VpC, AT 
a = heat absorbed by liquid contents, Btu per unit time 
tpC, AT 
. an alia heat absorbed by tank, Btu per unit time 
hae V pC,(T —70) * 495. t 487 x 0.12(7 + 20)* 
0 12 7) 
(S,, <= 0.85 S) 
V pC,(T — 70) 4.87 t(T + 20) 
pe eee % 
Se "3 Ie : [21] 
In which 


I = unit heat input rate, 20,000 Btu per hr per sq ft 
S,, = wetted surface exposed to fire, sq ft 


26 “Chemical Engineer’s Handbook,” by J. H. Perry, McGraw- 
“Dees Company, Inc., New York, N. Y., 1934, Equation [21a], 
p. , 

* Liquid contents are considered to have an average temperature 
of 70 F, and tank steel an average of 60 F, before exposure. The 
tank shell after heating is considered to be an average of 100 F hotter 
than the liquid contents, although this will vary somewhat with the 
compound contained. 

ae 
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V = volume of liquid contents, cu ft 

p = density, lb per cu ft (487 for steel) 
C, = specific heat (0.12 for steel) 
AT = temperature difference, deg F 

6 = time, hr 

S = tank surface heated, sq ft 

t = thickness of tank shell, in. 

T = temperature of contents, deg F 


The following example is given of the estimated time, Equation 
[21]”, required for the contents to reach the boiling point in a 10 ft 
6 in. diam by 18 ft 10 in. high over-all tank with dished heads, 
nominally full of ethyl ether, operating at 15 psig, and surrounded 
by intense fire (the same nomenclature is used as for the pre- 
ceding group): : 


_ Vo0(T —70) , 4.8747 + 20) 


0 
IS, I 
Fes (10,200 gal/7.48) X 44.5 < 0.552 (134.6 — 70) 
7 20,000 < 583 
4.87 X 0.875 (184.6 + 20) 
20,000 
@ = 0.186 + 0.0141 = 0.2001 hr or 12.0 min 


Estimated time required for an empty steel tank to reach the 
“critical” temperature of 1100 F (the same nomenclature is used 
as before) 


£ 487 X 0.12(T — 50) 


se D 
pee ERL TL sy) 
6 
SiS Ocoee eee [22]" 
0.87 


During the period of heating to 1100 F, the input J will be found 
only about 80 per cent effective due largely to reradiation losses. 


OrIGIN oF FORMULAS FOR RANGES OF PRESSURE 


From 15 to 60 psig working pressure 


ae qe (eee ae (16)" 
(P + 14.7) \ 3333.3 


d = \ a 
0.7854 


S, S 0.85 8 


Pru ye X 0.85 S ae + a0) 
(16.5 + 14.7) \ 3333.3 


in which 


& 
ll 


a 
at (PBL 
V0.0515S; Oo 7gnq 0.0515 S 


a= O0405 Siero. sass oseee {23]” 


From 60 to 200 psig working pressure: 


- 2 X 0.85 8 & + 448.0 
(66 + 14.7) \ 3333.3 
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a 
ll 


eres a 
0.02445; = 0.02448 
V0.02448 0.7854 


= O.OLODE SN aoe rete Peer exerestcloceete ne [24]” 
From 200 to 700 psig working pressure 


gd = 9973 X 0.858 a + 448.0 
220 + 14.7 3333.3 


d = \/0.01415 8; = 0.01415 S 


pee 
0.7854 

@=3,0: 01 12'S cotter nee core rare (25a 
EXAMPLE OF UsE OF FINAL FORMULAS FOR RELIEF REQUIREMENTS 


Relief requirements for a 10 ft 6 in. diam (D) by 18 ft 10 in, high 
over-all tank with dished heads, in gas service, operating at 150 
psig are determined as follows (equation numbers refer to Sum- 
mary for Use): 

Relief-connection size 


Gi= 0:01920S oridi= NN 0:0244 8.2 ratte ie ccsic-ye' = {2]’ 
0.0192 X 700 ord = V 0.0244 X 700 


a= 
a = 13.44sq in. or d = 4.13 in. (use 4 in. ASA150) 
where 
S = tank surface, sq ft 
S = 2 D(0.5382 D + L) 
L = length straight shell, ft 
S = 7 10.5(0.582 < 10.5 + 15.67) 
S = 700 sq ft 


Relief capacity in terms of area: 


0.0803 S 


0.0631 S F \ 
V/(P + 14.7) V/(P + 14.7) 
0.0631 x 700 | 0.0803 x 700 
OS ———————— (Oa ——————_—————— 
a/ (165 + 14.7) a/ (165 + 14.7) 


a = 8.30 sq in. ord = 2.047 in. 


Relief capacity of the device in terms of fluid flow 


353 X.3.30 (165 + 14.7) 
Q ES, a mT — a ae ar 
V/ 666 
Q = 8100 cfm of air at 68 F, and atmospheric pressure 


in which the temperature required to open valve, air having 
initial temperature of 150 F, is 


T/P = T'/P! 
py _ 119-7 X (150 + 460) 
- 164.7 
- T = 666 F abs 


[Provided the relief capacity ‘required for operation fluctuations 
and disturbances (capacity of the compressor at 165 lb discharge) 
is not greater. Three and four-inch valves of this capacity are 
commercially available. ] 


PART 3 REQUIREMENTS FOR RELIEF OF ATMOSPHERIC 
VESSELS” 


INTRODUCTION 


A considerable number of references in the literature specifying 
the relief requirements of atmospheric storage tanks have been 
available for many years. Various methods have been developed 
to establish the normal venting requirements, and at least three 
nationally known, reliable organizations have agreed upon and 
proposed venting capacities necessary to limit internal pressure 
safely in event of exposure to fire. The fire records of the National 
Fire Protection Association and similar bodies clearly indicate 
the need and value of emergency vent areas for this contingency 
and emphasize the inadequacy of normal relief apparatus when 
a vessel is involved with intense fire. The inadequacy of the latter 
will be very apparent in this presentation. 

In this section a recent investigation of the normal requirement 
made by the authors will be set forth and compared with pre- 
vious methods. By the procedure used in Part 2 for pressure 
vessels, the emergency requirement will be developed, com- 
pared, and discussed. Thereafter, a summary for the suggested 
employment of this information will be given. 


SUMMARY 


To summarize briefly the principal results of Part 3, Fig. 14 
has been included, which shows the relation and suggested com- 
bination of normal and emergency vent sizes as determined for 
vertical cylindrical atmospheric storage tanks. 

Study of Fig. 14, practical experience with present-day venting 
apparatus, and consideration for economy led to the venting re- 
quirements given in Table 7, which are considered adequate for 
both normal (1 in. water external, 3 in. water internal, pressure) 
venting and vaporization (at 0.5 psi at 50 gal, proportionally re- 
duced to 3 in. water pressure at 70,000 gal) of contents due to fire 
exposure. The formulas from which the foregoing were calculated 
appear under the descriptive headings for which they apply. Other 
formulas which provide relief specifications for all vessels in liquid 
or gas service at working pressures not to exceed 0.50 psig are 
also given. 

The suggested application of the information herein will be 
found under the heading, Proposed Summary for Use. 


THERMAL BREATHING OR NORMAL VENTING OF UNINSULATED, 
ABove GROUND, ATMOSPHERIC STORAGE TANKS WHEN E)xposEep 
Tro Extreme ATMOSPHERIC CHANGES 


Introduction. During the years 1939 and 1940, for a period of 
14 months, a continuous record of breathing characteristics was 
kept on a 440,000-gal (nominal capacity) gasoline storage tank 
at South Charleston, West Va., (38 deg north latitude, 600 ft ele- 
vation). Rates of venting, specific gravities of the vapors, 
vapor pressures, liquid levels, liquid temperatures, vapor tem- 
peratures, and atmospheric temperatures were measured and re- 
corded. The data obtained furnished information for vapor- 
conservation analysis (the subject of a separate discussion) and 
the determination of normal breathing requirements. 

Summary. Maximum thermal breathing was found to be that 
due to contraction during a hailstorm. A temperature drop of 
41 deg F (average) in 20 min was observed within the tank vapor. 
The inhaling rate resulted in vent-size requirements larger than 
those determined by a number of well-known methods, except 
those sizes proposed by the National Board of Fire Underwriters”® 
(up to 800,000 gal capacity). 


27 Conditions: 1 in. water external, 0.50 psi internal, pressure. 

2 ““Containers for Storing and Handling Flammable Liquids,” 
National Board of Fire Underwriters, Pamphlet No. 30, New York, 
N.Y; 1941, p37: 


TRANSACTIONS 


It was concluded that the maximum rate of thermal breathing 
of an atmospheric (1 in. water external, 3 in. water internal, pres- 
sure) storage tank is 


Q = (S/0.290) + emptying rate 


where Q and emptying rate are in cubic feet of air per hour at 
68 F and atmospheric pressure, and S is the area of the tank roof 
and shell in square feet. 


rs 
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The diameter of the relief connection required for this venting 
rate is 


d = VQ/921.... 


where d is in inches and Q is in cubic feet of air per hour at the 
conditions given. Derivation of these formulas will be found in 
the Appendix of this section. 

In order that the vent sizes determined by Equations [16} 
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and [17] may be compared with those specified by other methods, 
Fig. 15 is given. 

Equipment Arrangement. The tank on which a continuous 
record was kept was 50 ft diam X 30 ft 3 in. high (cylindrical 
shell), with an umbrella-type roof, and was painted with alu- 
minum paint. The vessel was in active storage of finished gasoline. 

An existing 8-in. standard pipe header about 600 ft long was 
used as a vent line. Two recording orifice meters were installed 
near the end of the line to measure both high and low flows in 
either direction. Also in connection therewith, a continuous- 
recording gravitometer was used to provide data for the vapor- 
density correction. A three-pen recording thermometer fur- 
nished atmospheric, tank vapor, and liquid-contents tempera- 
tures. 

At the same time, other data were collected pertinent to re- 
lated studies. Periods when the contained vapors were flam- 
mable were recorded by a combustible-gas instrument and re- 
cording potentiometer. While the effects of external water spray 
on vapor losses were being observed, a third orifice meter was 
used to measure the cooling-water rate. Frequent periodic 
analyses of the discharge vapors were made to determine the 
percentage of product contained at the indicated specific gravi- 
ties. 

Procedure. The experiment was given continuous attention 
and maintenance by operation and investigation personnel while 
the tank was being operated normally. A daily log was kept on 
all observations including weather, liquid level, vapor pressure, 
and pertinent comment. The data were transposed to a graph, a 
sample of which is included as Fig. 16. On this will be noted 
both ordinary and extreme breathing action during three repre- 
sentative periods. 

Vapor and liquid temperatures and flammability of vapors 
were observed at various levels to obtain mean temperatures and 
to get indication of the location, frequency, and extent of com- 
bustible zones. Flash-arrester and emergency vacuum and 
pressure-relief protection, were maintained on the tank through- 
out the observations. 

Data Obtained. The maximum breathing rates and correspond- 
ing information observed during the 14 months under various 
conditions are shown in Table 4. The contraction rate due to 
sudden cooling will be seen to be about 4 times as great as that 
for emptying, filling, solar heating, or combinations of condi- 
tions causing venting. No worth-while data on the efflux pro- 
duced by mixing (by cycling contents) could be obtained other 
than that breathing rates so caused are not comparable to the 
maximum shown in Table 4. 

Although not directly related to the subject, the data collected 
on the flammability of the vapor-air mixture were of interest. To 
show the relation between combustible contents and breathing 
action, Fig. 17 has been included. 

For the most part (except for 3 months) the combustible-gas 
recorder operated in connection with the vent header at a point 
near its outlet. Flammable mixtures were present there at fre- 
quent intervals in an irregular pattern which was no doubt due 
to the lag in and large volume of the 600-ft long header. The 
interval from February 15, through February 26, 1940, Fig. 17, 
illustrates flammability within the header. 

During June, July, and August, 1940, the combustible-vapor 
recorder operated, directly in connection with the tank. It was 
found that explosive mixtures were present less frequently but 
for longer periods ranging up to 30 hr. In all, the tank vapors 
were within the flammable range 5 per cent of the time and “too 
rich to burn” 95 per cent of the time. The vapor-air mixtures 
when combustible were never in the lower limits, the gasoline 
content ranging from 2 to 53 per cent by volume, as based on 


laboratory analyses. Flammable limits of gasoline vapor-air 
mixtures are 1 to 6!/2 per cent by volume.?° 

All the recorded periods (seven in number) when the vapors 
within the tank were flammable are shown on the remainder of 
Fig. 17. It will be observed that in every case (except one of 
45 min on June 17) the combustible mixture was produced by a 
combination of emptying and falling temperature. The excep- 
tion was caused by a momentary in-breathing when a shower oc- 
curred while the vapors were warm (between 9 and 10 a.m.). 

The use of flash arresters or inert-gas systems with atmospheric 
storage tanks containing volatile flammable liquids appears war- 
ranted by these observations. 

Analysis. The data indicated that the maximum normal 
breathing requirement is that due to rapid contraction of the 
contained vapors. The quantity rate of contraction of a gas due 
to heat transferred to a colder tank wall is 


_ 10.72F'S(T — T,,)>/* 
r C»MP 


in which Q is in cubic feet per hour, / is a function of the physi- 
cal properties of the vapor (0.27 for air at atmospheric condi- 
tions),*° S is the surface of the tank roof and shell enclosing the 
tank vapor in square feet, T is the initial vapor temperature in 
deg F, T,, is the final tank wall temperature (average) in deg F, 
C, is the specific heat of the vapor, M is the molecular weight, 
and P is the average absolute pressure during contraction in 
pounds per square inch (14.736 internal for atmospheric tanks). 

If the properties of air which constituted the greater percentage 
of the mixture ordinarily, and nearly the whole occasionally (air 
ranged 47 to 98 per cent by volume), and the observed tempera- 
tures from Table 4, Case 1, are used in Equation [18], maximum 
values of Q will be obtained. (For comparison with values for 


1/2 
other vapors, see the evaluation of ( cum) in the Appen- 


dix of this section.) This value (cubic feet per hour) is then very 
nearly equal to S/0.290 as in Equation [16]. 
The capacity of the relief connection (a short tube) at pressures 


nm tl 1s range 18 
Q = 4340 12 \ . ] 
cd F Sivkw into ao lanes © 19 


in which Q and M are the same as in Equation [18], d is in inches, 
AP is pounds per square inch gage, P is pounds per square inch 
absolute, and 7 is the temperature of the vapor flowing in deg F 
absolute. 

During the cooling process, the capacity of the relief connec- 
tion must be equivalent to the rate of contraction at the permis- 
sible working pressure (1 in. water external). So, if Equation 
[18] is equated to Equation [19] at the observed conditions (Case 
1), the required diameter will result as in Equation [17] 
d = VQ/921. 

Derivation of Equations [18] and [19] will be found in the 
Appendix of this section. 

Discussion. Although the contained vapors are not perfect 
gases and some condensation does take place during cooling, the 
comparison between observed breathing rates and those com- 
puted as for a gas on the basis of the rate of change of absolute 
temperatures is favorable and indicates results in the direction of 
safety. 

The venting rate, Q = S/0.290, is based on a difference between 
initial vapor and final average tank-wall temperatures of 47 
deg F and is equivalent to a fall in the vapor temperature of 


22 Ref. 9, p. 152. 
30 ‘Heat Transmission,’’§ p. 242. 
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Conditions ----~-~----~----------~-- Hail Storm 
April 8, 1940 11:50 a.m. to 12:10 p.m. 
Temperatures: Case 1 
Atmospheric 73° to 54°F. in 20 min. 


Vapor Contents 103° to 62°F, in 20 min, 
Maximum rate of change (vapor) 98° to 70°F. in 7 min. 
Liquid Contents 52° to 56°F. in 20 min. 


Pinal Tank Wall about Vapor Space 56.0°F. (estimated average) 


Recorded Vapor Flow Rate (Max.) 4300 cu.ft. per hr. when 1 1/2 oz. per 


sq. in. vacuum seal blown 


Liquid Level 10'-7 5/8" (constant) 


Volume 45,200 cu. ft. 


Vapor Space Quantities 
Surface (S) 5170 sq. ft. 


Rate of Volume Change 
(Proportional to maximum 
abs. temp. rate as a gas). 


18,850 cu. ft. per hr. 


Proposed Breathing Rate 
(Based on S/0.290 as derived. 
Pump rate to be added). 


17,830 cu. ft. per hr. 


Reid Vapor Pressure 


8.3 lb. per sq. in. 
(1b. per sq. in. at 100°F.) 


JANUARY, 1944 


OBSERVED AND CALCULATED DATA ON MAXIMUM 
AGE TANK WHEN EXPOSED TO 


Sudden --------- 


July 29, 1940 3:40 p.m. 
Case 2 

104° to 74°F. in 45 min. 

146° to 84°F. in 1 hr, 


119° to 111°F. in 2 min. 


80° to 82°F. in 1 hr. 


2650 cu.ft. per hr., 
when seal blown 


19'-0" (constant) 


Volume 28,800 cu.ft. 


Surface(S) 3860 sq.ft. 


12,000 cu.ft. per hr. 


13,300 cu.ft. per hr. 


8.3 1b. per sq, in. 


-------- Showers 


May 31, 1940 2:05 p.m. 
Case 3 

78° to 65°F, in 30 min. 

95° to 67°F, in 30 min. 


92° to 7h°F. in 15 min. 


58°F, constant 


#4150 cu.ft. per hr. 
O'-9" (constant) 
Volume 64,600 cu.ft. 
Surface(S) 6720 sq.ft. 
*8L00 cu.ft. per hr. 


23,200 cu.ft. per hr, 


5.6 lb. per sq. in. 


Weather Bright sun preceding storm, cloudy Hot sun shining before Cloudy with intermittent 
thereafter, & after heavy rain sun before shower; 
storm, bright sun thereafter. 
Remarks: Maximum condition (largest temper- 


ature drop in appreciable period 
found) used as basis of S/0.290, 


* Discrepancy between observed breathing rates and proportional rates of volume change is considered largely due to the pressure drop and lag in the 


98 F to 70 F, in 7.86 min, when the vapor is assumed to be a gas. 
No additional temperature differential is considered necessary 
for a margin of safety. The vent sizes resulting are shown in 
Fig. 15, curve 2, which have a satisfactory service record of a 
number of years over a broad section of the country. As a mat- 
ter of fact, a large number of comparable atmospheric tanks so 
vented were exposed to the same hailstorm cited, without giv- 
ing any evidence of having been subjected to pressure above 1 in. 
of water external. 

The capacity of a short tube, Equation [19], was derived from 
the adiabatic flow of an ideal gas through an orifice. It incor- 
porates an orifice coefficient of 0.70 for flows where the ratio of 
upstream to downstream absolute pressure is less than 1.05.3! 
Also, this is the coefficient used by the National Fire Protection 
Association under these conditions.3? Tests were run on a typi- 
cal tank and connection as a check on the formula derived. Ac- 
tual flows were found to be 99 per cent of the theoretical within 
the atmospheric tank pressure range (0 to 3 in. water) and to be 
100 per cent at a pressure of 5 in. of water (see Fig. 20 in the Ap- 
pendix of this section). 


3t “Kent’s Mechanical Engineers’ Handbook,” ref. 14, pp. 1-11. 
32 “Handbook of Fire Protection,’’® p. 108. 


recorded vapor flows were corrected to 60 F, the maxima at flowing 


Conclusion. The conclusions as outlined under Swmmary are 
adequate for the conditions specified and conform to the pro- 
posals of the National Board of Fire Underwriters up to 800,000 
gal capacity, above which increased vent sizes as shown are sug- 
gested. Apparently, the average practice is to use vent sizes 
considerably smaller than this service-proved proposal (refer to 
Fig. 15). 

Proposed sizes of connections with minimum capacities (based 
on 1 in. water external pressure) for the normal relief requirement 
for atmospheric tanks are listed in Table 5. 

Relief capacities, concluded in Table 5, are not adequate for 
the condition of fire exposure now to be discussed and under 
which the relation of normal and emergency venting will be clari- 
fied. 

To avoid excessive internal pressure due to accidental over- 
filling, the normal relief area should not be less than that of the 
fill pipe. 

REQUIREMENTS FOR EMERGENCY Reimer Dur To Fire Exrposurw 


Introduction. From the standpoint of emergency venting, 
atmospheric tanks (usually large) present a separate problem be- 
cause of the very low safe working pressure (about 3 in. water 
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THING RATES OF 10,000-BBL FINISHED GASOLINE STOR- 
IME ATMOSPHERIC CHANGES 


lar Heating 
, 1940 - 7 hrs. 


_Case 4 


> T4h°F, in 7 hrs; 


> 112°F.in 6 hrs. 


82°F, in l hr. 
‘10 a.m.) 


constant 


cu.ft. per hr. 


) 
3/8" (constant) 


€ 63,100 cu.ft. 
ce(S) 6600 sq.ft 


] 


lou. ft. per hr. 


O cu.ft. per hr. 


b. per sq. in. 


Emptying 
May 1, 1940 - 6-1/3 hrs. 
Case 5 


73° to 61°F. in 30 min. 


78° to 62°F. in 45 min. 


78° to 64°F, in 30 min. 


55° to 57°F. in 10 min. 


#4275 cu.ft. per hr, 


11'-7 3/4" to 
3'-10 3/4" in 6 1/3 hrs. 
Avg. 1.225 ft./hr. 


Volume 44,400 cu.ft. 


. Surface(S) 5110 sq.ft. 


2200 contraction 
2400 lig. discharge 
#600 cu.ft. per hr. 


17,600 cu.ft. per hr. 


9.5 1b. per sq. in. 


& sunny all day. Cloudy with inter- 


mittent rain all day. 


Contraction was due to 
a sudden shower during 


Emptying Filling Filling 
April 19, 1940 - 5 hrs. Jan. 2, 1940 - 7 hrs. Jan. 9, 1940 - 23 hrs. 
Case 6 Case 7. Case 8 


58° to 57°F. in 1 hr, 


60° to 58°F. in 1 hr. 


As above 


55°F. constant 


*4050 cu. ft. per hr. 


29'-5" to 17'-4" in 5 hrs. 
Avg. 2.42 ft. per hr, 


Liquid Discharge Rate 
#4750 cu. ft. per hr. 


8.7 lb. per sq. in. 


Light rain all day. 


Contraction due to 
temperature drop is 


28°F. constant 


56°F. constant 


None 


42°F. constant 


4220 cu. ft. per hr. 


1'-9 3/4" to 41-8 1/2" 
in’7 hrs. 
Avg. 0.414 ft. per hr. 


Liquid Charging Rate 
813 cu. ft. per hr, 


11.3 1b. per sq. in. 


Weak sun all day. 


Vaporization promoted 
by turbulence and con- 


31° to 26°F. in’5 hrs, 
33° to 32°F. in & hrs. 
As above 


40°F, constant 


3930 cu. ft. per hr. 


31-6 1/2" to 12!-2.1/2" in 
23 hrs. 
Avg. 0.380 ft. per hr. 


Liquid Charging Rate 
740 cu, ft. per hr. 


12.6 1b. per sq. in. 


Blanket of snow on tank 
partly melted by a weak 
sun. 


five times greater than 


first 30 min. 


ne, 600 ft in length, 8 in. diam. 


small enough to be 


neglected, discharge, 


(It is also possible that the liquid seal may have been giving partial relief.) 


ons were not materially larger than the corrected flows. 


tained air caused larger 


displacement. 


Furthermore, although the maximum 


2) 


4 


Out breathing is again about 


9 


TABLE 5 PROPOSED SIZES OF VENT CONNECTIONS FOR 
ATMOSPHERIC TANK NORMAL RELIEF REQUIREMENTS 


Minimum capacity, 
cu ft of air, per hr 


Relief size, at 60 F, and atmos- 
Tank capacity, gal in. I.P. size pheric pressure 
eb eDOO nites wits, ies asics eh Reece i¢ 708 
500 to 2000.... ; 11/2 1920 
2000 to 10,000. 2 3660 
10000 to 50000.. 3 8230 
50000 to 150000. 4 14620 
150000 to 400000.. Patel Yost seme 1H, 1-36 22820 
AMMGOOL CO: SOOOOOs caters «ia.s.o) s\n npoipoie wee! 6 32900 
SOOO OLGMOOOOO 22% owe alele espero ee lath 1-6,1-3 41100 
TTOGOOO TOMSOOO00 Sc .< cts: wseje.c:2 30 ee mioas 1-6, 1-4¢ 47500 
TBOCOOD Bor TSOOO0O). cis nce eee eietleee 8 58450 
TROOOOOITOZOOQ00O 5. ccnp. 2k ee sislere ema 2-6 65800 


@ Units of 2-in, vent size for tanks are usually the smallest standard manu- 


facture. : 
b One 6-in. vent unit may be cheaper than the two small units, but they 


have the mechanical advantage of multiple devices. ; 
¢ Similarly, one 8-in. vent unit may be cheaper than one 6-in. and one 


4-in. size. 


internal), the relatively large vapor space, the lessened possibil- 
ity of complete envelopment in flame, and the lengthened (time) 
exposure required to produce maximum vaporization. The effect 
of the first two of the factors mentioned is such as to result in 
calculated relief areas which are impractical. The latter two are 


the basis of reasonable assumptions to be made which result in 
more economical designs. 

Summary. The required diameter of a relief connection to 
limit internal pressure (not to exceed 0.50 psig) within vessels 
when the volatile contents are absorbing heat at 20,000 Btu 
per sq ft per hr of wetted surface exposed is 


UTES ee [20] 
/P(P + 14.7) 


If the pressure limit be 3 in. of water, as for atmospheric storage 
tanks, Equation [20] becomes 


7) EC) ee: ae [21] 


d= 


and if the atmospheric tank be vertical cylindrical with bottom 
resting on pad or foundation, Equation [21] becomes 


Peis, Val tb) Le a ee [22] 


in which (Equations [20], [21], and [22]) d is the internal diame- 
ter of the connection in inches, S,, is wetted surface exposed 
to fire in square feet when nominally full, P is the pressure limit 
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NOTES :}-+Formulal[22|,d=Y22650H, based on volatile contents absorbing 
heat at 20,000 BTU. per sq. ft. per hr. of wetted surface exposed. 
-+* Formula[20}, d=,/0.913Sw ,at P of O50 |b per 5q.in. at 50 qal.capaci 


i _ YP(P+A7, 
ity and proportionally decreased to 3 oz per sq.in.qauqge at 70,000 


JANUARY, 1944 


| 
ee 


n 
= i 


gallons capacity. 
-Suqgested sizes for emergency vents. Includes normal relief 
|__| areas shown by curve 7. See summary table following. 
fe Formula[22modified by one-third the observed heat rate and 
gradually reduced to a maximum of 24 in. d at 300,000 qallons. 


(See Modification of Calculated Relief Areas). 
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| | expansion from 1100°F heated steel enclosing qas and qradu- 
ally reduced to a maximum of 24 in.d at about 65,000 cu. ft. 
© ® National Board of Fire Underwriters Standard No. 30, page 38. 
National Fire Protection Association Handbook, page 108. 
American Petroleum Institute Tentative Standard, Jan. !9,1940. 

| All based on a 6000 BTU. per hr. per sq. ft. heat absorption rate. 
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(1 in. water external, 3 in. water internal, pressure.) 


in pounds per square inch gage (0.1083 for 3 in. water), D is the 
diameter of the tank in feet, and H is the height in feet of the 
contents on the exposed tank wall when it is nominally full. 

For vessels in gas service only at pressures not to exceed 0.50 
psig, the required diameter of the relief connection to limit in- 
ternal pressure to a specified maximum is 


pe ye abel heed Sy [23] 
/P 


in which d is the internal diameter of the connection in inches, S 
is the square feet of surface which may be exposed including un- 
protected roofs, and P is the maximum pressure permitted in 
pounds per square inch gage. 

The origin of these formulas will be found in the Appendix of 
this section. 

The formulas for liquid service, Equations [20], [21], and [22], 
should be applied to all vessels in the pressure range below 0.50 
psig up to and including 15 ft diam; it then appears expedient 
for practical reasons to reduce the calculated relief sizes and to 
limit them to a maximum of 24 in. diam. These modifications 
are clarified as the discussion proceeds and are summarized under 
the heading, Modification of the Calculated Relief Areas. 

Relief diameters for atmospheric tanks have been graphed in 
Fig. 18. The curve of Equation [22] is shown in relation to the 
same equation when modified by a heat rate one third of that 
concluded in Part 1. Between the two will be noted the sug- 
gested choice of vent size. For comparison, the proposal of the 
National Board of Fire Underwriters, the National Fire Protec- 
tion Association, and the American Petroleum Institute is shown. 
Also appearing is the required size for normal venting which, 
though provided for in the emergency area, is not large enough to 
reduce it one pipe size over the entire range of tank capacity. 
Also observe that a contained gas or vapor will expand when in 
relatively large proportions, as in empty atmospheric tanks and 


when exposed to tank walls heated to 1100 F by external fire, 
at a rate nearly equivalent to the vaporization rate of volatiles. 

Analysis and Method. The requirements for emergency relief 
of atmospheric tanks and low-pressure gasholders are based on 
the same reasoning as that for unfired pressure vessels as de- 
tailed in Part 2 of this paper. The physical conditions (pressure, 
temperature, and relative size) are merely different, necessitating 
the use of a different fluid-flow formula, a different value for the 
contents factor, and modification of calculated relief sizes as 
graphically suggested in Fig. 18. 

As previously described, a vessel surrounded by fire absorbs 
heat and the temperature of its contents rises. If the content is 
liquid, its vapor pressure steadily increases and eventually boiling 
will occur; if a vapor or gas, progressive expansion takes place. 
(So-called empty tanks, equipped with adequate normal venting 
apparatus, have been observed to fail when involved with sudden, 
intense fire, although ignition of contents did not oecur until 
after rupture.) Now, in either case, the relief apparatus must be 
of capacity equivalent to the rate of vaporization or the rate of 
volume increase. When the weight rate of the relief connection 
(at these low pressures) is equated to the weight rate of vapori- 
zation, the following Equation [24] results, which is the origin 
of Equations [20], [21], and [22]: 


1/4 
ane TS. ( r ) ies 
405°/ P(P + 14.7) \Mr? 


When the weight rate of expansion of a gas or vapor is equated 
to the weight rate of the relief connection, a second expression, 
Equation [25], results, which is the origin of Equation [23], 
namely 

gi/2 (Te T)5/8 


d = 0.0186 - 74 - 


—— 
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In these equations, d is the internal diameter of the connection in 
inches, J is the heat-absorption rate in Btu per square foot per 
hour, S,, is wetted surface exposed in square feet, AP is the maxi- 
mum pressure in pounds per square inch gage (0.1083 for 3 in. 
water), and S is total surface exposed in square feet. The terms 
( iy ie ae ee 

= EG) 

M re 70.825 
pansion variable, which are reduced to constants, as described 
under subsequent headings. Equations [24] and [25], which are 
similar to Equations [8] and [9] in Part 2, are derived and sim- 
plified in the Appendix of this section to the useful Equations 
[20], [21], [22], and [23]. 

As in Part 2, the relief capacity is proposed in terms of area of 
the relief connection, because the designer is primarily interested 
in selecting an adequate fitting of standard size for the vessel to 
be constructed, and because of the variation in capacities of com- 
mercial relief apparatus. The vent apparatus may then be 
selected of a capacity, based on approved flow test, to pass the 
flow capacity of the calculated area, as will be shown. 

Weight Rate of a Relief Connection. The vapor capacity of a 
short tube in pounds per hour at pressures not exceeding 0.5 psig 


1s 
1 
W = 405 @ yore exe aie [26] 


in which W is the weight rate in pounds per hour, d is the internal 
diameter of the connection in inches, M is the molecular weight 
of the fluid, P is the inlet pressure in pounds per square inch gage, 
and 7 is the temperature of the fluid in deg F absolute. 

This is the same formula used previously in this section for the 
determination of the normal breathing requirement, except that 
it was there given in cubic feet per hour. As stated before, it was 
shown to be accurate, and its derivation found in the Appendix 
of this section will be seen to conform to the procedure outlined 
by the American Gas race a 

1 

Contents Factor F, a) . This term is identical with that 
derived and fully explained in Part 2 of this paper under the same 
heading, It is, as before, that which relates the properties of 
liquid contents. Since the developments in this section are 
limited to the pressure range of atmospheric to 0.50 psig, a single 
numerical value of the factor may be selected which would be 
adequate for any compound to be contained at these pressures. 

For the present development, the value F = 0.136 has been 
used, for which reference is made to Fig. 12, Part 2. This value 
is considered adequate for any liquid which may be contained at 
these pressures, other than carbon tetrachloride. For this com- 
pound, use 0.155 for the contents factor in Equation [24]. 

(es ctr. T) Ete 
9.325 
crease is dependent upon the rate of temperature rise within the 
vapor contents. Again, this is proportional to the value of 
the gas-expansion variable. If the formerly assumed maximum 
temperature difference of 1100 deg F, between initial vapor and 
final tank-wall temperatures is considered reasonable and ade- 
quate, the term reduces to the constant 10.85 (refer to Part 2, 

under the same heading as in this section). 

As will be seen in the Appendix of this section, the variable was 
based upon the properties of air which apparently gives maxi- 
mum values as therein demonstrated. 

Flow Capacity in Terms of Area. If the relief diameters (not 
the next larger pipe size) as determined above, the molecular 
weight of contents, the relieving pressure, and the vapor tempera- 


are the contents factor and gas ex- 


Gas Expansion Variable, The rate of volume in- 
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ture, are inserted in the weight rate of flow, Equation [26], of a 
short tube, the necessary capacity of the relief device may be 
computed. The apparatus may then be selected of a capacity 
(based on approved flow test) to pass the calculated rate which is 
as follows: 


MP(P 14.7 
W = 405d? qe Ib per hr of vapor... . [26] 


P(P + 14.7) 


fh of 7 
UT cfh of free vapor at 68 F. . [27] 


Q = 156,000 a? \ 


P(P + 14.7 
Q = 29,000 d? \ eet cfh of free air at 68 F. . . [28] 


In Equations [26], [27], and [28], d is in inches, P is in pounds 
per square inch gage, and 7’ is in deg F absolute. 

For conditions of fire exposure, 7’ is approximately the normal 
boiling point of the liquid contents. For vessels in gas service, 
T is about the temperature necessary to raise the pressure in the 
vessel from the absolute working pressure and temperature to the 
absolute set pressure of the relief device, as computed by the gas 
law, T/P = T'/P’. 

A mathematical clarification of these equations is given in 
the Appendix of this section. 

Time Element. The time required when exposed to intense fire 
for the liquid contents of a steel vessel to reach a specified aver- 
age temperature may be estimated by applying the formula 


_ VeCAT —70) , 4.871(7 + 20) 


6 
ES I 


in which 6 is time in hours, V is the volume of contents in cubic 
feet, p is the density in pounds per cubie foot, C, is the specific 
heat, 7’ is the specified temperature in deg F, J is the heat-ab- 
sorption rate in Btu per square foot per hour, S,, is the surface 
wetted by the product and exposed to fire in square feet, and ¢ is 
the thickness in inches of the (steel) tank wall. This was intro- 
duced and derived in Part 2 of this paper. If this Equation is 
applied to vertical cylindrical flat-bottom tanks, it becomes (see 
Appendix of this section) 


_ DCL —70) , 4.874(T + 20) 
y 41 I 


in which D is the diameter of the tank in feet. Results calculated 
by Equation [30] compare favorably with time-temperature ob- 
servations in Part 1, Table 1. 

From Equation [30], it is seen that the time required for the 
contents to absorb heat at any given rate is principally depend- 
ent upon the diameter of the tank. For illustration of the ap- 
proximate time required to reach 100 F at the observed heat 
rate, Fig. 19 is shown. The tanks were assumed to be nominally 
full and of dimensions conforming to many tanks being used at 
this time. Calculations were made employing properties of 
compounds having a contents-factor value of 0.136, as shown in 
Fig. 19. Products having such properties are about as volatile 
as any stored at atmospheric pressure. Under the assumed con- 
ditions, a minimum time element and a maximum venting rate 
may be expected. 

When vessels are in gas or vapor service and exposed to intense 
fire, the maximum venting rate will be reached in an even shorter 
time. Fig. 2, Part 1, illustrates the rapid expansion of tank 
vapors due to fire exposure. 

Effect of “Outage.” The term ‘‘outage” is used in literature 
pertaining to containers to indicate the proportion of a tank which 
contains vapor rather than liquid. Thus a tank which is only 40 
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(Products of properties of F = 0.136; T = 104 F; M = 74; r = 149.5 Btu; Cp = 0.447; p = 54.7 |b.) 


per cent filled would have an “outage” of 60 per cent. Although 
this term does not appear in the developed formula, it has been 
considered. If the wetted height of the tank is used rather than 
the nominally full wetted height, the effect of outage is taken 
care of. It is true that as the outage increases, the unwetted 
wall temperature will rise, but heat will be lost by conduction 
and radiation to the colder portions of the tank, and the tempera- 
ture of the hot wall will probably not rise above the “critical” 
point of about 1100 F. When the outage is large, the wetted 
height is small, and the rate of vaporization is low; and, although 
the vapor temperature will be higher than the temperature corre- 
sponding to the boiling point, it can be shown that the highest 
venting rate will occur when a tank is full of liquid. 

The time required for a completely empty steel tank to reach 
1100 F in a fire of intensity J would be approximately 


5114 ¢t 
we 7 or 0.320 t for 20,000 Btu input rate.... [31] 


in which @ is time in hours for tank wall to reach 1100 F; ¢ is 
thickness of tank wall in inches; I is intensity of fire in Btu per 
hour per square foot. Thus, in a fire of observed intensity of 
20,000 Btu per hr per sq ft, a tank made of !/,-in. steel would 
reach 1100 F in about 5 min. 


6 = 0.320 X 0.25 = 0.080 hr = 4.8 min 


This agrees very closely with time-temperature observations 
made by the Underwriters’ Laboratories, Inc., in their tests de- 
scribed in Part 1. The source of this formula will be found in the 
Appendix of this section. 

Emergency and Normal Relief. The requirements for relief 
of overpressure due to fire exposure represent an abnormal con- 
dition and are greatly in excess of those set forth for normal 
breathing and displacement. The emergency requirement is 
adequate for both conditions, and it appears both practical and 
economical to combine them into one device on the smaller ves- 
sels, as tabulated in the Summary for Use. 

However, a separate apparatus for the normal requirement has 


the advantage of greater mechanical dependability over the 
much larger sizes needed for the combined requirement. Where 


‘flash arresters are needed, a further objection arises to large com- 


bined units. Efficiently designed arresters, as generally known 
today, would become huge and expensive, whereas the emergency 
requirement may be fulfilled separately by merely installing a 
vaportight hinged cover which may also be used as a manway. 

(These are available commercially.) If this cover be set to open 
above 3 in. water pressure, say 2 oz to 4 oz per sq in., no flash 
arrester would seem needed on this connection. When the emer- 
gency valve operated at such pressures, vaporization would al- 
ready be considerable, and also the vapor would be “‘too rich to 
burn,” until mixed with external air. Further, flows at 4 oz pres- 
sure for compounds having properties of F = 0.136 through 
ordinary vent connections, are of velocities ranging above 25 
fps, which is more than the propagation rate of flame in a gas-air 
mixture at atmospheric pressure. 

Modification of the Calculated Relief Areas. The discussion has 
now progressed so that the suggested reduction of the calcu- 
lated relief sizes, as shown in Fig. 18, may be clarified. 

It will be seen in Fig. 19 that the volatile contents of a 15-ft- 
diam tank (20,000 gal) may reach 100 F, in a matter of 10 min 
after being surrounded by intense fire. For this reason, the emer- 
gency-vent capacities should be compatible with the 20,000 
Btu heat-absorption rate for all tanks from zero through at least 
15 ft diam. For tanks above this diameter at these low pressures, 
the calculated relief areas become rapidly unreasonable (refer 
to Curve 1, Fig 18), but the likelihood of complete envelopment 
with fire of sufficient depth (probably about equal to the tank 
radius) to maintain the heat-input rate, observed in Part 1, be- 
comes less and the time element larger. With these considera- 
tions in mind, the suggested vent size (Curve 3, Fig. 18) has been 
permitted to approach (at 100,000-gal capacity) the curve based 
on a 6000-Btu heat rate, which curve (the latter) has been gradu- 
ally flattened to a maximum of 24-in. diam relief size at 300,000 
gal capacity. If tanks of this capacity are of 40 to 50 ft diam, as 
is common, the time element for 100 F is in the neighborhood of 


— 
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1/, hr for severe conditions, which is perhaps sufficient time to em- 
ploy protective (cooling or extinguishing) equipment reducing 
the exposure, or abandonment of the vessels. 

Conclusion. The conclusions as outlined under Summary 
of this section apply only for the conditions specified. 

Equations [20], [21], and [22] are not considered adequate for 
carbon tetrachloride, are not adequate to vent internal explosion, 
and are not intended to provide for internal reaction. No reduc- 
tion in the area of the relief connections is considered for vessels 
covered with substantial noncombustible insulation, although 
allowance may be made for this protection in the capacity of the 
relief devices, which may be changed if the service becomes more 
severe from the viewpoint of fire exposure, see Proposed Sum- 
mary for Use. 

Equation [23] is not intended to apply to floating-type water- 
seal gasholders which have, by inherent design, adequate relicf 
for fire exposure. 

Suggested sizes of relief connections with necessary capacities 
for the emergency requirement for atmospheric tanks are given 
in Table 6 (based on 0.5 psi at 50 gal, proportionally reduced to 
3 in. water pressure at 70,000 gal). 


TABLE 6 SUGGESTED SIZES OF RELIEF CORRECTIONS FOR 
EMERGENCY REQUIREMENTS OF ATMOSPHERIC TANKS 


Minimum capacity, ecu 
ft per hr of air at 60 F, 


Relief size, in. and atmospheric 


Tank capacity, gal I.P. size pressure 
BO ss craters 2 13380 
50 to 100.. 3 30100 
100 to 300. 4 54500 
300 to 1000 6 120500 
1000 to 2000 tats 8 212000 
ODO EO1S OOO). iho afs,0207ei0i/s\ x <ete. 10 326500 
4000° to T0000... 0.6. cae 12 453000 
TOOOOTEO: 20000... Wc craie oe a.0°diers.e 16 753000 
20000 to: 100000)... 5........ 20 1048000 
TOODOR 0 ZODD00 Ie. ses ose 10's 222 744000 
ZOOONO fan Up detec =.cere-ai0iv'sye, 5 24 886000 


@ Not a standard pipe size. 


ProposeD SUMMARY FoR USE 


1 Minimum sizes of relief connections for vessels at pressures 
not to exceed 1 in. water external, or 0.50 psig internal: All ves- 
sels should be provided with relief area (or areas) in the form of 
connections or hatches. This area should be adequate for both 
normal breathing and emergency venting generated by exposure 


to fire. 
(a) For the normal (based on contraction due to cooling and 
limited to 1 in. of water external) requirement for vessels in vola- 


tile-liquid service use 


in which a is the relief area in square inches, d is the internal 
diameter of the relief connection in inches, and 


224 


S : 
ad EMpbhyingerates.. os sie ese 
Q 0.290 + emptying 
In Equation [2]’’’ Q and the emptying rate are in cubic feet of air 
per hour at 68 F, and atmospheric pressure, and S is the area of 


the tank roof and shell in square feet. 

(b) For the emergency requirement (based on 0.50 psi at 
50 gal proportionally reduced to 3 in. water internal pressure at 
70,000 gal) for vessels not to exceed 15 ft diam in liquid service use 


0.717 Sy : 0.913 S mw 
ee tor d= ge [8] 
V/P(P + 14.7) VP(P + 14.7) 


If the pressure limit be 3 in. of water as for atmospheric tanks, 
Equation [3]’’’ becomes 
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= 0.566.S, ord =/0.721 Sy........2-. [4] 


and if the atmospheric tank be vertical cylindrical with bottom 
resting on pad or foundation, Equation [4]’’’ becomes 


= 1.78DH ord = 2.265 DH......... (By 


in all of which a is the internal area and d the internal diameter of 
the relief connection in inches, S, is the surface in square feet 
wetted by the contents when nominally full and exposed to fire, P 
is the relieving pressure in pounds per square inch gage (0.1083 
for 3 in. water), D is the diameter of the tank in feet, and H is the 
height in feet of the contents on the exposed tank wall when 
nominally full. 

For practical reasons, the emergency-vent sizes for all vessels 
in liquid service above 15 ft diam and, as calculated by Equa- 
tions [3]’’’, [4]’’’, and [5]’’’ should be modified to conform to 
a lowered (below 20,000 Btu per sq ft per hr) heat-absorption 
rate, as proportionally represented by curve 2, Fig. 14, or curve 
3, Fig. 18. The ultimate size should be limited to 24 in. diam. 

The vent sizes and relief capacities for the normal and emer- 
gency requirements (basis as just given) for vertical, cylindrical, 


TABLE 7 VENTING REQUIREMENTS FOR ATMOSPHERIC 
STORAGE TANKS EXPOSED TO FIRE 


Minimum capacity, cu ft air 
per hr at 60 F and atmos- 
pherie pressure———Y 


Relief size Normald Emergency 
——(I.P. size) (at 1 in. (at 3 in. 

Normal; Emergency; water flow- water flow- 

Tank capacity, gal vent, in. cover, in. ing pressure) iny pressure) 
D ewactctsisieroteireiele eats 2e rele 6150 
DOO OO) « pieteio suciei 5 34 ae 13400 
LOO torsOOe pis ose 6 4¢ 24600 
300 to 1000........ 5 62 ates 55400 
1000 to 2000....... 1-1'/: 1-8 1920 98500 
2000 to 4000....... —2 1-10 2805 153800 
4000 to 10000...... 1-2 1-12 3660 221500 
10009 to 20000..... 1-3 1-16 6180 394000 
20000 to 50000..... 1-3 1-20 8230 615500 
50000 to 100000.... 1-4 1-20 12500 615500 
100000 to 150000.. 1-4 1-22¢ 14620 744000 
150000 to 200000.. 1-4,51-3 1—22¢ 18100 744000 
200000 to 400000.. 1-4,51-3 1-24 22820 886000 
400000 to 800000.. 1-6 1-24 32900 886000 
800000 to 11000090.. 1-6, 1-3 1-24 41100 886090 
1100009 to 1300000 1-6,¢1-4 1-24 47500 886000 
1300000 to 1800000 1-8 1-24 58450 886000 
1800090 to 2000000 2-6 1-24 65800 886000 


@ The first four items of “Emergency. relief size’ are given in terms of 
“in. vent,” all others in terms of ‘‘cover, in.’ 

b Although one 6 in. may be cheaper, the two units have the advantage of 
multiple devices. 

¢ Although one 8 in, may be cheaper, the two units have the advantage of 
multiple devices. 

4 To be used for selection of the normal relief devices. 
included in that for the emergency requirement. 

€ Not a standard pipe size. 


This capacity is 


above ground (bottom resting on pad), atmospheric storage tanks 
are given in Table 7. 

The size of relief connection as specified in this paragraph should 
be increased for carbon tetrachloride by multiplying the diameter 
by 1.14. 

(c) Yor the emergency relief requirement for vessels in gas 
service not to exceed 40 ft diam use 


_ 0.081958 Ae oe [61"” 
VP 


ALE 


in which a is the relief area in square inches, and d is the internal 
diameter of the relief connection in inches, S is the surface of the 
tank in square feet which may be exposed including the roof, and 
P is the relieving pressure in pounds per square inch gage. 

Emergency relief connections for vessels in gas service above 40 
ft diam should be modified to conform to a lowered heating rate as 
proportionally represented by curve 5 in Fig. 18, and limited to a 
maximum of 24 in. diam at 65,000 cu ft capacity. 

(d) General. The relief area should be at least equivalent to 
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the area of the inlet connection to avoid excessive internal pressure 
due to accidental overfilling. 

In all cases cited, the next larger pipe size should be used as the 
vent connection, which preferably should be located at the top 
of the tank vapor space. 

No reduction in the size of the relief connection should be made 
for vessels covered with substantial noncombustible insulation, 
or provided with reliable cooling systems, although allowance 
may be made for this protection in the capacity of the relief de- 
vice. When vessels are so equipped with an adequate relief con- 
nection, the relief apparatus may be changed if the service be- 
comes more severe from the standpoint of operation or fire ex- 
posure, 

2 The relief capacity of the required areas in terms of rate of 
fluid flow; liquid or gas service: To select a relief device or de- 
vices of adequate capacity, based on approved flow test, other 
than those capacities previously listed for atmospheric tanks, 
use the area a (not the next larger pipe size), as determined in 
paragraph 1 in any of the following formulas as the case may re- 
quire 
W = 516a 


or 405 d? 


MP(P + 14.7 
yee (dala 


eee + 14.7) 
T 


Ib per hr of vapor contents 


. qe poaee 
Q = 198,5004 a or 156,000 d ah 


cu ft per hr of vapor at 68 F, and atmospheric pressure 


[pe + 14.7 P(P + 14.7 
Q = 36,900 a meen or 29,000 d? yee 


cu ft per hr of air at 68 F, and atmospheric pressure 


In all of which a is the internal area in square inches, d is the 
diameter of the relief area in inches, P is the relieving pressure in 
pounds per square inch (not to exceed 0.50 lb), M is the molecular 
weight, and 7’ is the vapor temperature of the contents in deg 
F absolute. 

For conditions of fire exposure, 7’ is approximately the normal 
boiling point of the liquid contents. For vessels in gas service, 
T is about the temperature necessary to raise the pressure in the 
vessel from the absolute working pressure and temperature to the 
absolute set pressure of the relief device, as computed by the gas 
awe l/c ee 

Allowance may be made in the capacity of the relief device for 
vessels covered with substantial noncombustible insulation or 
provided with reliable cooling systems proportional to the reduc- 
tion effected in the heat-transfer rate through the tank wall, if 
it is deerned advisable from a practical and economical stand- 
point. 

3 Normal and emergency relief devices: It is preferable, as 
explained in the section, Emergency and Normal lelief that 
separate relief devices, when needed, be used for the venting re- 
quirement for normal operation for all vessels above 1000 gal 
capacity. The additional relief area required for fire exposure 
may be in the form of a vaportight hinged cover, hatch, or simple 
valve, each of which is considered more practical than a weak 
head seam. 

Uncontrolled internal reaction and explosion in vessels of the 
subject category are emergency relief requirements to which this 
development does not apply. However, weak seams have been 
advantageous under suck«ircumstances. The hazard of internal 
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explosion may be minimized by the use of inert gas, grounding 
the vessel, or provision of flash arresters. 

4 If relief capacity is inadequate for the contingency of fire 
exposure, additional protective features should be provided for 
the vessel and exposures. These may consist of fire-protective or 
extinguishment equipment, process-cooling systems, construc- 
tion of dikes or walls, provision of drains, or fireproofing supports, 
etc. 

5 Back pressure: In this low-pressure range, any back pressure 
on the downstream side of the relief device will reduce its flow 
capacity, as calculated by Equations [7]’’’, [8]’", and [9]’’’ pro- 
portional to the ~/P (P + 14.7) — P’ (P! + 14.7)/P(P + 14.7) 
in which P’ is the back pressure. Also, the opening pressure of 
the relief device must be adjusted to counteract th> back pressure 
or the intended maximum pressure in the vessel will be exceeded. 

6 Time element: The time required for the liquid contents 
of a vessel when exposed to fire to reach the boiling point (or any 
given average temperature) may be estimated by the following 
formula 


_ VeC,(T —70) , 4.874(T + 20) Ae 
(eee i er [10] 


in which 0 is the time in hours, V is the volume of the contents 
in cubic feet, p is the density of contents in pounds per cubic foot, 
C, is the specific heat of contents, T is the temperature reached 
in deg F, J is the heat-absorption rate in Btu per hour per square 
foot, and ¢ is the thickness of the steel tank wall in inches. If 
Equation [10]’’’ is to apply to vertical, cylindrical, flat-bottom 
tanks, it becomes 


_ DpC,(T — 70) , 4.87t(7 +20) 


Be oe ible 
4I K 1] 


in which D is the diameter of the tank in feet. 

If 0 is 1/. hr or more (approximate time for very volatile ma- 
terials to reach 100 F, when contained in 40 to 50-ft-diam at- 
mospheric tanks surrounded by intense fire) and there is as- 
surance that effective cooling or fire-extinguishing equipment will 
come into play during the 1/,-hr period, the emergency-relief 
(device) capacity may be reduced to the vaporization rate pro- 
duced by the calculated temperature rise within the 1/2 hr. For 
vessels exposed to fire in gas service, the maximum venting rate 
will occur within such a short time as to permit no modification 
of the calculated emergency relief. 


CoNCLUSION 


The conclusions as outlined under Summary in the first of 
this section of the paper and as detailed under Summary for 
Use are based upon the foregoing theory which is mathemati- 
cally expressed in the Appendix of this section. 

The formulas proposed provide relief capacities greater than 
those provided by present average practice which capacities are 
not adequate for the abnormal condition of fire exposure, 

For examples of use of the formulas see the Appendix. 

Proposals herein presented hold only for pressures not to ex- 
ceed 0.50 psig. For vessels to operate at pressures from 0.50 to 
include 15 psig, Part 4 of this paper will be presented at a later 
date. For pressures above that refer to Part 2. 


Appendix for Part 3 


DERIVATION OF GENERAL EQUATIONS [24] or [3], anp [25] or 
(15 (he 


1 Vapor weight rate of a short tube (at pressures not to ex- 
ceed 0.50 psig), Equation [26] 
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V=C \/ 29H 
Va = Ca V/ 2gAH 
Vap = Cap \/ 2gAH 


3600Cap \/2gAH 


3600Vap 


W = 3600Cap ~/29aH 


When differential is pounds per square inch 


W = 3600 X 0.70 X 


AP 144 


* 


AH = 


p 


AP X 10.72 X T X 144 


Tah MP+ 


0.7854d? 
144 
MP 


x [64.35 xX AP X 10.72 X T X 144 
10.72T MP* 


@MP |/APT 
4 MP* 


APMP ; 
W = 405 d? 1 pt teseesceeees eb 


W = 405 


In the development of Equation [1]'” the following nomenclature 
was used: 


bc 


> 
a UY 


Da x 


RXpx ere aaa 


velocity, fps 

gravitational constant, 32.17 
differential head in ft of fluid* 
coefficient of discharge 

0.70 when p;/p2 < 1.05 (see footnote 31) 
area of short tube, sq ft 
density of fluid, lb per cu ft 
MP/RT for a gas 

gas constant, 10.72 

weight rate, lb per hr 
molecular weight 

absolute pressure, psi 
absolute temperature, deg F 
differential pressure, psi 
diameter of a short tube, in. 


2 Weight rate vaporized 


in which 


] 


Q Wr 
— = — =] 
Se iSi-5 
IS, 
i eet An aA a CIO [2}” 
r 


total heat input, Btu per hr 

wetted surface heated, sq ft 

latent heat of vaporization, Btu per lb 
unit heat input, Btu per hr per sq ft 
liquid vaporized, lb per hr 


*It is theoretically correct to express the differential head AH in 


terms of the downstream density and so the P in the denominator 


in downstream pressure. 


Cancelling this P into the upstream pres- 


sure simplifies the equation, avoids confusion, and yet maintains 
theoretical accuracy within 0.36 per cent at 3 in. water pressure 


(1.7 per cent at 0.50 lb per sq in. gage). 


Note the comparison be- 


tween calculated and actual flows in Fig. 20. 
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3 Required diameter of a short tube to pass the weight rate 


vaporized, Equation [24] or (3]": 
Equate [1]'” to [2]” 


405 d? es ae 
Yh r 
IS, \ T 
r x 405 YMaPP 


Pre 1/4 
ie 4 (2) 
405°/ APP \Mr? 


To apply Equation [3]'” 


= diameter of relief connection, in. 
= 20,000 Btu per sq ft per hr 
wetted surface exposed, sq ft 

= relieving pressure, psig 

= relieving pressure, psia 


> 
Cue 
I 


s8Suy 
ll 


= molecular weight of contents 


boiling point of contents at P, deg F abs 


= latent heat of vaporization at 7, Btu per lb 


[3 }'’ or [24] 


4 Weight rate of expansion or contraction of gas or vapor due 


to heat transferred to or from the tank wall: 


From Equations [4]'” and [6]'” 


dT 
VpC> we sili! ata tatehelateteitele tase 


h = FaT"/4 (see Part 1, ref 5) 


From Equation [5]'” 


FAT'/* SAT = e ee On ORES 


Equate [7]'” to [8]}” 


aT “A 
Ver = = FSaT*/4 


From Equation [6]” 


VMP aT w 
R 2 6 
dy), go) ET 
do 6 VMP 


ee 
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Equate [9]'¥ to [13]" 
FSaT?/* — w 
VaCsnue 


In the development of Equations [4 }* to [14],” the following 
nomenclature was used: 


= weight of contained gas or vapor, lb 

= specific heat of gas or vapor 

= change in temperature 

= change in time 

= total heat transferred, Btu 

= time, unit hr 

= heat-transfer coefficient Btu per hr per sq ft per deg F 
= tank surface exposed, sq ft 

= difference between tank wall and contained gas, deg F 
volume of contents gas or vapor, cu ft 

= density of contents gas, lb per cu ft 

= molecular weight of gas or vapor 

= pressure, psia 

= gas constant, 10.72 

= temperature of gas or vapor, deg F abs 

= function of physical properties of gas 

= change in weight 


w 
Sine weight rate, lb per hr 


Q Cc <0 
af Sys. done OS W's 
il 


Required diameter of a short tube to pass the weight rate 
of a gas expanded or contracted due to heat transferred to or 
from the tank wall; Equation [25] or [15]}'* (same nomencla- 
ture used as in section 4 preceding; also p = MP/KT): 

Insert Equation {1}” in [14]” 


APMP RT?  FSaT°/4 
soa] . peat 


VC 
FSaT*/4 = =VMP 


i 
VeCp RT? 405 V APMP 

nee wes SUS es 
~ C,MVv2 405 T APP 


T VMP 


pe Va go ae : 
C,M1/2 ® 4/405 * “pi/4 * api/4pi/4 
0.375P/4 Sv? {75/8 1 


a= 


D018” 4 /4g5,° pi/4 * api/spi/4 
0.375 a) 


(Rees to the following paragraph for 


[70.0753 
Bie (PI Tyre a 
d = 0.0186 - APY * pee ee (15]” or [25] 
To apply equation [15]” 
d = diameter of relief connection, in. 
S = tank surface heated, sq ft 


AP = relieving pressure, psig 

T,., = temperature to which tank wall is heated or cooled, deg 
F abs 

[T = initial temperature of contents vapor, deg F abs; if 


T,, is less than 7’, reverse the signs 
1/2 
The term (<n) in this section, relating the proper- 
Pp 
ties of the vapor contents, was replaced by its maximum value 


0.375 - The 


Toa" This is justified in the following manner: 


value of F, a function of the physical properties of a gas, varies 
with both temperature and pressure as will be seen. The value 
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C, specific heat at constant pressure varies with temperature. 
Inasmuch as pressure and temperature are working conditions 
to remain in the relief diameter Equation {15}'’, it is desirable 
to express the subject variable in terms of P and 7, Now 


1/4 
2BC,k3 
if SI) es (Part 1, ref. 5, Equation [20], p. 242) 


1/2 1/8 1/8: 
F 2BC,k ks 
ae =a) (? C Zp) Ez 4 = v | 
C,M Ci{M?Z M2\ C32 


Since B, M, and the ratio C,Z/k (Part 1, ref. 5, p. 417) are in- 
dependent of P and 7, we may write 


1/2 : 
() = JD (p2Z2)1/8 


CM 
and p fora gas is MP /RT, then 
1/2 1/8 
F M?2P?2 
(uae 
CoMers R274 
Again M and R£ are independent of P and T,, so 
1/2 1/8 
F 2 
(im) - > G2) 
c,MY/ T? 


C,M}/2 = De [0.0753 


When P = 14.7 psia, and 7 = 528 deg R, C, = 0.24, and F = 


0.27 for air 
eo oT ye, Bzaynems 
oy Th NODERSaO MS 14.74 
1/2 1/4 
D" = 0.375 and pee = 0375 py. 
Cc,MiV/2 ; 710.0753 
The nomenclature used in the foregoing derivations follows: 
F = 0.27 for air at 68 F, and atmospheric pressure 
D = proportionality constant 
k = thermal conductivity 
C, = specific heat 
p = density 
B = coefficient of thermal expansion 
Z = viscosity 
™ = molecular weight 
R = gas constant 


Z2 varies with 7’ for «.‘r as follows: 


T, deg R Z 2 
460 0.0162 0.00026°5 
528 0.018 v.00U823 
660 0.021 0.000440 
860 0.025 0.000625 

1060 0.029 0.000840 
1260 0.032 0.001050 
1460 0.036 0.001295 
1560 0.038 0.001444 
1560\" <6 a AAA 
(=) = (3.39)" = 5-Sg5g = 5-50 
n = 1.398 
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TABLE 8 VALUES OF F FOR SEVERAL GASES 
SER ETE F 
Gas ke Cp? Zo Me Zz Z F CpM1/2 
ALE Sc Cain Seen eee 0.0161 0.24 0.018 29 0.0468 0.465 0.270 0.209 
Hydrogen....c..0.6% 0 1075 3.50 0 009 2 1.9324 ere 0685 0.138 
Aicetonesarss as steele 0.0065 0.34 0.0077 58 0.0408 0 448 0.260 0.100 
Acetylene... ...0.005 00124 0.43 0010 26 0.0554 0.485 0.281 0.128 
Benzene sehen 0 0062 0.26 0.0075 78 0 0502 0.472 0.273 0.135 
Ethyl aleohol.......- 0.0089. 0.40 0.0094 46 0 0634 0 501 0.290 0.107 
Ethyl) ether.........- 0 0088’ 0.46 0.0077 74 0 2220 0.687 0.398 0.100 
Walon. c4cnecsiechec 00110 0.48 0.0097 18 6 0213 0.382 0-221 NOn108 
Ren taneenot esos 0 0083 0.34 0.0063 72 0.1599 0 632 0.366 0.127 
Carbon dioxide....... 00109 0.21 00146 44 0.0360 0.436 0.252 0.181 
“Preon li3iaestee 0.0054 0.16 0.0103 187 0.0855 0.542 0.313 0.143 
a ‘Heat Transmission,” by W. H. McAdams,$ various pages. 
At: ot ee 
Now it is also necessary to show that (an gives qd= __ 9.9185, Sik BRT a (16 ]'” 
Pp V P(P + 14.7) 
higher values for air than for any other gases whose properties If P be 3 in. water, 0.1083 Ib 
were available in the reference literature. To do this, we use 
McAdam’s Equation [20]§4 again which is ARES 0.9135, ae 1/0.7218, eet 7)" 
Wee 0.1083 X 14.8083 
— pechech Ik . . . . 
F=D ( Z ) If the tank be vertical cylindrical with bottom on pad 
and in which the nomenclature is as before. Again, p = MP/RT a +/0.7212DH = 9/2.265DH Seeteslits [1s]” 


and B = 1/492. Then, at a constant pressure and t empcrature 
it would be expected that F would vary for different gases as 


follows. 
1/4 
M?C,k 
F = D’ | —2— 
( Z ) 


M?C,k? \1/4 
At 1 atm pressure and 20 C, F = 0.27 and ( ) = 0.465 


for air, so that the F value for any other gas, whose molecular 
weight, specific heat, thermal conductivity, and viscosity are 
known, may be determined from the relation. 


es 27, (BGM 
° 0.465 \ Z 


g 


in which the subscript g applies to the gas other than air. On 
this basis the F value for a number of representative gases has 
been calculated as shown in Table 8. It will be noted that the 


1/2 
value of (7) for air is greater than for any of those so 
P 


obtained, and for many others such as ammonia, nitrogen, and 
oxygen whose properties were considered but not listed in the 
table. 


SIMPLIFICATION OF GENERAL EXPRESSIONS TO FoRMULAS For Usa 


1 The diameter of a short tube to limit internal pressure (not 
to exceed 0.50 psig) within vessels when the volatile-liquid con- 
tents are absorbing heat at 20,000 Btu per sq ft per hr of wetted 
surface exposed, Equations [20], [21], and [22], is derived as 
follows, the nomenclature being the same as used previously 


1/4 
anes — i) aX [3]” or [24] 
405-V/aPP \Mr* 


T 1/4 
in which | —— 
m whic (Ga) 


contents factor, evaluated from Fig. 12, 


a SET re 
405\/ P(P + 14.7) 


34 Part 1, ref. 5, equation [20], p. 242. 


Part 2. 


2 The diameter of a short tube to limit internal pressure to a 
specified maximum (not to exceed 0.50 psig) within vessels when 
the vapor contents absorb heat from the enclosing shell heated 
to 1100 F, Equation [23], is derived as follows, the nomenclature 
being the same as previously used: 


gi/2 = T)9/8 
[70,325 


Roi ... [15] or [25] 


d = 0.0186 


(Gril 
T.325 
stituting the following values: 


T = 1100 + 460 = 1560 deg F abs 
10 0 + 460 = 460 deg F abs 
(Ty — T)*/8 = 79.5 

79.3% = 7,33 


(T. — T)°/8/T°.3% = 10.85 


gi/2 
d = 0.0186 X Api/4 xX 10.85 


in which = gas expansion variable. Then sub- 


ll 


i pA Sn RRs RN SEP [19}"" 


VP 
when P is gage pressure. 

3 The diameter of a short tube to limit external pressure on a 
tank to 1 in. of water when the vapor contents are contracted 
from the loss of heat to a colder tank wall, Equations [16], [17], 
{18], and [19], is derived as follows, the nomenclature being the 
same as previously used. 

The weight rate of contraction is 


FSaT®/* VMP 

VeC, 

a ESA MP RES 

cae week RT? M?P2 

g = 10.72 FST — Dor 
Ps C,MP 


Ww= 


cu ft per hr 


in which 


Weight rate, W 
Unit weight, p 


p = MP/RT 


= quantity rate, Q 


Applying the temperatures from Case 1, Table 4, and the 
properties of air 
0 10.72 X 0.27 x S(563 — 516)5/4 
0.24 X 29 X 14.736 


(14.736 = average pressure during contraction) 
Q = S/0.291 cu ft per hr............- (20]*" 
When Equation [20] is used, the emptying rate must be 
added to provide for maximum in-breathing. 


The weight rate of a relief connection (nomenclature as pre- 
viously used) is 


APMP RT 
= 405 d? ee 
pie \ T MP 


Ww 
again Q = — 


(see Fig. 20). 
Then the quantity rate of air at 68 F is 


[0.0361 X 528 
2 


Q = 4340 d? y Sseanaceh 918 d? at 1 in. water pressure 
QxX 14.7 1 
= SS 21 hi pais 
918 x 14.736 V Q/921 at atmospheric pressure [22] 


Applying the surface from Case 1, Table 4, to Equations [20]” 
and [22] 


Q = S8/0.290 = 5170/0.290 = 17,830 cu ft of air 
Q/921 = V/ 17,830/921 = 4.40 in. 
Check by applying Equation [15]'” to Case 1, Table 4 
gi/2 (T= T,,)3/8 


d= 


= iv 
d = 0.0186 X ia waa ae [15] 
the following values being used: 
SV2 = ~/5170 = 71.9 


AP'/4 = +/0.0361 = 0.436 
70.8% = (563)0.3% = 7.82 

T, = 516 F abs 

(T — T,)°/8 = (47)5/8 = 11.1 


(T — T,,)°/8/79.3% = 1,425 
then 


* Actually, the external pressure during contraction cannot rise 
above 14.7 lb per sq in. absolute. Flows computed using 14.736 as 
P are within the accuracy illustrated by. Fig. 20. Use of the P 
(14.736) is more than compensated ,for, bygusing Q;= S/0.290 in- 
stead of S/0.291. . 
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= 020186 X 71.9 X 1.425 
7 0.436 
d = 4,37 in. 


A discrepancy exists of 3 parts in 438.5 between results by 
Equations [15}'* and [22]. This is considered due to the aver- 
age temperature difference between the tank vapor and external 
air during in-breathing for which Equation [15]'” does not pro-. 
vide. 

4 The capacity of the relief areas in terms of fluid flow, 
Equations [26], [27], [28], [7]’’’, [8]’’’, and [9]’’”. 

The weight rate of vapor flow of a short tube is 


ACEE 1a 7 
T 


W = 405 d? lb per hr ........ fiy* 


The quantity rate is 
_ WX 10.72 X 528 


ae M X 14.7 
where 
Q = W/p 
fo et GET E Y 
p = M (14.7)/10.72 (528) 
Q = 156,000 d? yi FEY wwe an ee [23]* 
MT 
1 2 3 4 S. ‘6. irirs.e 2 3 4 5 


° 
% 
7 
6 
5 


FLOW OF AiR — THOUSANDS OF CUBIC FEET PER HOUR AT GO'F, 


Fria. 20 Comparison oF THEORETICAL Frow Capacity or SHORT 
Tuses Wits TuHat or Typicat TANK CONNECTION AT Low PRESSURES 


Notes: 1 Actual flows through a calibrated orifice to the tank. 
2 Theoretical flow capacity equation Q = 4340 ay es (co- 


efficient of flow 0.70). 

Refer to Part 3, ‘‘Relief of Vessels Exposed to Fire.” 

Capacity of a standard 2-in. nipple 6 in. long located in top head 
of 4 ft diameter by 5 ft high vertical cylindrical tank with inlet in 
lower shell. Actual flows were 99 per cent of theoretical at 1 in. 
water pressure. 


‘ 
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cu ft per hr at 68 F and atmospheric pressure 
The quantity rate of air is 


[Pe + 14.7) 

= 156,000 d? ¢,/——___— 

oo eon 29 T 

Q = 29,000 d? —S bee [24]” 


cu ft per hr at 68 F and atmospheric pressure 
At a flowing temperature of 104 F such as for compounds of F 
= 0.136 


P(P + 14.7) 
29 000 | 
Q ; 1 564 


Qi 1223 08 N\/ P(PP 147) con dea oes [25 ]" 


cu ft air per hr at 68 F and atmospheric pressure 
When P = 0.1083 lb, 3 in. water 


(8 Yea FG) Ee Ey a a ee [26]" 
cu ft air per hr at 68 F and atmospheric pressure 


DERIVATION OF TIME-ELEMENT FoRMULAS 


1 Estimated time for the liquid contents of a vessel to reach a 
given temperature, Equations [29] and [30] 
IS, = total heat input, Btu per hr 


VeC,AT 
p ‘a = heat absorbed by liquid contents, Btu per unit time 
StpC,AT 
wee = heat absorbed by tank, Btu per unit time 
1g, = VeCkP—0) , S487 x 0.12 (7 + 20) 
i 3 126 
(S, < 0.85 S) 


_ Ve, (T — 70) fi 4.87 (T + 20) 
a Is. I 


(Liquid contents of an average temperature of 70 F and tank steel 
of an average of 60 F before exposure. Tank shell after heating 
of an average of 100 F hotter than liquid, although this will vary 
with the contents.) 

If tank is vertical cylindrical with bottom on pad, S,, = DH 


te DAC (EO) ASTUT +20) ros 
4] I 
in which 
I = heat absorption rate, Btu per sq ft per hr 
S, = surface wetted by contents exposed to fire, sq ft 
V = volume of liquid contents, cu ft 
p = density, lb per cu ft (487 for steel) 
C, = specific heat, 0.12 for steel 
AT = temperature difference, deg F 
6 = time, hr 
S = surface of vessel heated, sq ft 
t = thickness of tank shell in inches 
JT = temperature of contents, deg F 
D = diameter of vessel, ft 
H = height of contents on exposed wall, ft 


2 Estimated time for an empty steel tank to reach the 
“critical”? temperature of 1100’ F, Equation [31], the foregoing 
nomenclature being used 


St Y 487 X 0.12 (T — 50) 


IS = ; 


4.87 (1100 — 50) 


(During the period of heating to 1100 F, the input J will be only 
about 80 per cent effective due principally to reradiation losses.) 


EXAMPLES OF USE OF THE FORMULAS 


1 Assume an acetone tank (110,000 gal nominal capacity) 
30 ft diam by 24 ft high, cytindrical shell with umbrella-type roof 
and flat bottom. The relief devices are to operate at 1 in. water 
external and 0.50 psi internal pressure. 

(a) The normal breathing requirement (based on in-breath- 
ing) was determined as explained and tabulated in the Summary 
for Use in this section of the paper. This was done as follows 


Q’= (S/0:290) -— emptying rate.)..............--.-- Pe 


Q = (3013/0.290) + 300 gal per min 
Q = 10,400 + 2408 cu ft per hr 
Q = 12,808 cu ft air per hr at 68 F 


520 
Q = 12,808 12 = 12,710 at 60 F 


ENaC) 9 Dilys ites A ovancfan cesieis love © letac sie) ¢ -vois,sueteieys Steins Bie Ba ee: 


= +/ 12,808/921 = 3.73 in. (specify 4-in. standard I.P. size) 
In this 


Q 


S = 7 D(A + 0.266D) 

H = height of straight shell 
S = w 80 (24 + 0.266 X 30) 
S = 3013 sq ft 


The 4in. size indicated is that recommended for this tank 
since it may be used at atmospheric pressure. However, the re- 
quirement may be figured more exactly (provide for the differ- 
ence between 3 in. water and 0.50 psi internal pressure) as follows: 


S 


See Equation [20}'” 
Q = (8013/0.295) + 2408 
Q = 12,623 cu ft air per hr at 68 F 
EY UV GSST, A se ot a kee Bag A ena EE ray’ 
d = V 12,623/921 = 3.70 in. (use 4 in. as before) 

(b) The emergency vent size at 3 in. water pressure is also 
tabulated in the Summary for Use of this section of this paper 
and is that recommended. Considerations involved in its selec- 
tion are as follows 


d AE LE Pee ee [3y'"" 
WV P(P + 14.7) 
d = 4/9:913 X 2260 _ 97.37 in. 
+/0.50(15.2) 
where 
S=2DH 
S= =~ <30' 24 
S = 2260 sq ft 


This is seen to be larger than the 24 in. maximum diam recom- 
mended (based on the lengthened time element and lessened pos- 
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sibilities of completely effective total heat absorption) for any 
vessel. It incorporates the observed 20,000 Btu per sq ft per br 
heat-absorption rate. 

The size (22 in.) recommended was based on a modified rate at 
3 in. water pressure which rate may be obtained as follows 


=. So aa SS ae 1/4 
1S (he ey oe ee [24] 
405°/ P(P + 14.7) \Mr? 


Cae 1 T X 2260 xX 0.136 
405-°V/ 0.1083(14.808) 
484 X 405 X 1.268 
erate alte ee oenaein 


2260 X 0.0185 


On the same modified rate basis, d for 0.50 psi relief pressure 


would become 
d = 27.37 q 5950 _ 14.92 in, 
20,000 


If this is used and the tank becomes involved with fire, the possi- 
bilities of rupture are greater. 

If the recommended 22 in. be provided, the designed heat- 
absorption rate at 0.50-psi relief pressure is 


0.50(15.2) 


16 =" 5900 Re eee 
0.1083(14.808) 


= 12,950 Btu per sq ft per hr 


The relief capacity of the 22-in. connection at 3 in. water flow- 


ing pressure is 
Qi=s'1222' 0? N7 PP 14 Tea ernee oie [25]" 


Q = 1222 x 484 »/0.1083 X 14.808 


Q = 750,000 cu ft of free air per hr at 68 F 
(based on 104 F flowing temperature) 


Compared with acetone vapor 
APT 


Q = 4340 d? Bee [19] 


Q = 4340 x 484 se 
58 X 14.808 


Q = 575,000 cu ft of acetone per hr at 3 in. water and 133 F 


Q = 575,000 i = 544,000 cu ft of free vapor per 
593 X 14.7 


hr at 68 F 


(c) Estimated time required to reach the boiling point at the 
observed (20,000 Btu) heat-absorption rate is 
_ DeC,(T—70) | 4.87(T +20) 


Sp HOS GG Me 
4] I (ea 


4.87 X 0.375(133 + 20) 
20,000 


5 30 X 49.5 X 0.51(133 — 70) 
4 X 20,000 
= 0.5965 + 0.0140 
6 = 0.6105 hr = 36.6 min 


2 Assume that the same vessel has been emptied and is then 
surrounded with intense fire: : 
(a) The shell metal would reach 1100 F in about 


6 = 0.320¢ = 0.320 X 0.375............. [31] 
6 = 0.12 hr = 7.2 min 
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(b) After the heating period, the required size of vent to dis- 
charge the expanding vapor at 3 in. water pressure would be 


Be 4 ors Ki dasty. oe (6)""” 
/P 


S 


in which 


3013 sq ft 


q = {0.0407 X 3013 
+/ 0.1083 


*The necessary capacity ot the relief device would be 


= 19.3 in. 


Q = 578,000 cu ft of free air per hr at 68 F 
Q = 9620 cu ft of free air per min at 68 F 


Discussion 


T. A. Gapwa.** The proposed constant heat-input rate of 
20,000 Btu per sq ft per hr is considerably higher than the ‘‘War- 
time Recommendations of Safety Valve Standardization Confer- 
ence,” which also considers a variable rate, depending upon the 
total surface of the vessel. The concept of wetted surface is a 
logical basis for calculation of exposed surface. Since the heat 
rate and wetted surface are the major factors affecting the relief- 
valve size, it would be desirable to have the conference review 
their recommendations with respect to these latest data. 

The suggestion in the paper of considering the relief-valve con- 
nection as a short tube orifice is questionable. In order to obtain 


a 0.97 coefficient, a tapered nozzle is necessary, so that the inlet 


connection is always larger than the orifice, and both are es- 
tablished by the manufacturer. It is important always to con- 
nect the relief valve directly to a nozzle on the vessel rather than 
by means of a length of pipe, otherwise the pressure drop in the 
line will limit the capacity of the safety valve. 

It is interesting to note that the code equation does not hold for 
pressures below approximately 15 psig and a different equation is 
necessary. When a relief valve operates at sufficiently high 
pressure, application of the gas-law deviation factor to the gas 
density will reduce the required orifice area. The code equation 
does not include this factor, although its use is suggested by the 
conference. Here again, possibly as a wartime measure, the API- 
ASME code could be revised to include the gas-deviation factor. 

The heat rate for a vessel with insulation would be very useful 
since most fractionating towers would be in this category. In- 
asmuch as the recommended procedure requires orifice sizes 
larger than present methods, the question of whether test condi- 
tions duplicate the actual conditions must be considered before 
revisions are in order. 


A. B. Guisr.** The writer was especially interested in Part 1 
of this paper, Observed Rate of Heat Absorption, because this 
is not only the key to the entire problem of adequate relief vents, 
but the subject of greatest controversy. When a member of the 
Flammable Liquid Committee of the NFPA, the writer be- 
came interested in the derivation of the tables of emergency-relief 
vents for tanks of various sizes and examined into the origins of 
these tables. As the authors mentioned, it was found that the 
only heat-absorption rate given was that of 6000 Btu per sq ft 
per hr, which applied only to large vertical tanks. In the course 


3%} The Lummus Company, New York, N. Y. 
36 Vice-President, in Charge of Development, DuGas Engineering 
Corporation, Marinette, Wis. 
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of this committee’s work, information was obtained from the 
Standard Oil Company of New Jersey on exposure fires around 
1000-gal tanks in which heat-absorption rates of 24,000 Btu per 
sq ft per hr were obtained. These tests were not mentioned in the 
paper, so the assumption is that the authors were unaware of 
them. However, the figures check excellently with those found in 
the tests described in the paper. 

Subsequently, the writer became curious as to the accuracy of 
the emergency-relief-vent tables when applied to pure com- 
pounds, such as benzol, alcohol, and acetone, and derived an 
equation similar to Equation [9] of the paper. However, simpli- 
fication of this equation was never undertaken by the use a 
“contents factor,” with which the authors have done such an 
excellent job of making this equation more readily usable. 

It is noted that the vessels are assumed to be 90 per cent full 
of material when exposed to fire. In the writer’s calculations, 
the same assumption was made, and he agrees thoroughly that 
this is the best condition to use for computations. 

All of us who have struggled under the necessity of using our 
“best judgment,” in place of the authoritative information and 
thoroughgoing analysis of the subject as given in this paper, will 
be pleased to have a logical basis upon which the fire-protection 
engineer can attack his problems. 

About 2 years ago such information would have been in- 
valuable to the writer, when he was informed that a certain 
organization recommended the use of 3000 Btu per sq ft per hr 
as the heat input to a 38-ft-diam butadiene sphere. In his calcu- 
lations, the value 12,000 Btu per sq ft per hr was used and 
fortunately his advice was followed in this case. 


F. L. Maxer.3? The authors have evidently done a very great 
amount of work in preparing this paper. Usually the results of so 
much labor should entitle the authors to some amount of grateful 
commendation from those whose future labors would be eased by 
the presentation of fundamentals completely worked out. In this 
case, however, it would appear that they brought most of the 
work on themselves by the fact that an essentially simple problem 
has been unbelievably complicated. The resulting recommenda- 
tions, which do not necessarily follow from the facts presented, 
are in a form that is unsatisfactory from several points of view. 

Time has not permitted preparation of a complete discussion of 
the entire paper, and the following remarks are concerned with 
the first two parts of the paper only, i.e., relief for vessels under 
pressure over 15 psi. 

The test data presented in the first part include a description 
of tests run by Fetterly, the Underwriters Laboratory, by the 
Aluminum Company of America, and by the authors, in regard to 
maximum rates of heat absorption. As conclusions from these 
results, the authors recommend that the heat-absorption rate of 
20,000 Btu per sq ft of wetted surface be adopted as the criterion 
for determining the relief capacity. 

The authors recognize that this heat-absorption rate appears 
high when compared to over-all absorption rates on boilers and 
tube stills and point out that much higher rates are experienced 
in combustion chambers of radiant absorption sections of boilers. 
They are correct in regard to the much higher radiant-absorption 
rates in boilers; and even in oil stills rates in excess of 20,000 
Btu per sq ft per hr on the surface most directly exposed to the 
fire are not uncommon. A point that was overlooked is that in 
oil stills the absorbing surface is deliberately arranged to limit the 
maximum heat-absorption rate to avoid coking or overheating of 
the oil on the inside of the tubes. 

That such rates of heat absorption are possible is not new. 


7 Designing Engineer for Refinery Plants, Standard Oil Company 
of California, San Francisco, Calif. Mem. A.S.M.E. 


The authors make reference to the Liquefied Petroleum Gas 
Safety Orders of the California Industrial Accident Commission. 
These were prepared about 9 or 10 years ago, and the writer sug- 
gested the particular form of the provision for safety valves that 
was adopted. A memorandum discussing the particular provision 
was presented at the time. This included the following: 

“One of the most common emergency situations, particularly in 
the oil industry, is concerned with the possible exposure of a 
volatile fluid to fire. Tanks containing gasoline, casing head 
gasoline, butane, etc., may develop rather high vapor pressures at 
fairly moderate temperatures. In the case of a fire surrounding 
the vessels, which may occur due to breakage of lines, or perhaps 
from broken connections or leaks in the container itself, heat may 
be absorbed through the walls of the container that will cause 
vaporization of the volatile contents. In order to determine 
what amounts of vaporization might have to be taken care of, 
tests were run by the General Engineering Department of the 
Standard Oil Company of California some years ago (about 
1925), in which a horizontal tank of water was surrounded by a 
fire in a pool of gasoline inside a dike and the quantity of vapor 
generated was measured. MHeat-absorption rates were found as 
high as 25,000 Btu per sq ft of wetted surface; the tank being 
approximately half full of water.” 

The authors’ 20,000 Btu per sq ft per hr would not be out of 
line for vessels completely exposed to fire. However, it does not 
appear reasonable to apply this same rate in all situations. The 
tests cited by the authors were in some cases run under condi- 
tions where the tank was pretty well enclosed. This condition 
might easily occur in a building, and for such cases the suggested 
rate would appear reasonable. The authors are apparently also 
interested primarily in vertical tanks. Most of the storage of 
products of high volatility in refinery and natural-gasoline 
processing plants, where the storage is within the plot limits of the 
plant, is usually in long horizontal tanks, running from 6 to 14 ft 
in diam, and lengths up to 100 ft. For such tanks the probability 
of the entire surface being exposed to maximum heat-absorption 
rates is small, particularly where they are installed in the open air 
and not inside of a building. Consequently, some deduction in 
average heat-absorption rate would appear to be reasonable. 
The suggestion made in connection with the California Liquefied 
Petroleum Gas Safety Orders was based on the following: 

“For small containers, which are much more likely to be sur- 
rounded by fire, this maximum rate would probably be used as a 
basis for relief capacity. For larger containers it is unlikely that 
the entire surface will be surrounded by fire, so that lower rates 
appear reasonable. For butane tanks of sizes in the neighborhood 
of 1000 gallons capacity a rate of 20,000 Btu per sq ft per hour on 
60 per cent of the total area of the tank (equivalent to 12,000 Btu 
per sq ft per hour on the entire surface of the tank) has been pro- 
posed. On very large tanks, and on those in which exposure on the 
entire tank might appear impossible, smaller rates yet may be used. 
In the case of butane tanks installed away from a source of fuel, 
except for a leak in piping, a rate of 25 per cent of the foregoing 
amounts wasrecommended. Thisamounts to 3000 Btu on theentire 
surface of the tank. D. V. Stroop, secretary of the API 
Fire Protection Committee, has proposed a somewhat similar 
condition in the form of a curve, which when plotted on logarith- 
mic paper became almost a straight line. Making the substitu- 
tion of a straight line leads to a formula of the following form 

Q _ 48,000 


Ate Aye 
where 


Q = total amount of heat absorbed by vessel per hour 
A = total area of vessel 
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“The total heat absorbed by the vessel is therefore 
Q = 48,000 A?/; Btu per hr” 


This formula is admittedly arbitrary. On the other hand, it 
would appear more reasonable for large storage vessels than using 
the same rate of heat absorption regardless of size. If the vessel is 
so enclosed that it is possible for it to be entirely surrounded by 
fire, which implies a limited size, the use of a maximum absorp- 
tion rate of 20,000 Btu per sq ft does not appear unreasonable. 

In the case of the California Liquefied Gas Safety Orders, the 
formula was further simplified, because only two commercial 
products, namely, commercial butane and propane fuel, were 
being considered, and the corresponding pressure conditions for 
vessels constructed under the safety order were limited. 

From this point on, the paper becomes more difficult to follow. 
The objective of the authors is not quite clear, nor is it clear just 
what provision they are finally recommending. They suggest 
that their recommendations be embodied in official codes. Be- 
fore this could be done, however, the presentation would have to 
be considerably simplified and clarified, and the various sugges- 
tions involved separated, so that they could be evaluated on their 
own merits. 

After considerable study of the text and the derivation of 
formulas in the Appendix to Part 2, it appears that what the 
authors are proposing is to determine the size of a nozzle to put on 
a vessel. They also seem to be concerned with the fact that after 
a pressure vessel is built, it is frequently found later to contain 
other than the product it was originally designed for, and they 
apparently have in mind that the so-called, ‘‘contents factor F,” 
will in some way give them a nozzle that would be large enough for 
a number of different products. 

In addition they superpose a further suggestion that these 
nozzles be designed in sizes only for a limited number of pres- 
sures, namely, 15, 60, 150, 250, and 500 psi. 

The entire problem involved would appear to be much simpler 
than the amount of mathematics presented in this paper seems 
to indicate. It seems to involve only the following steps: 


1 Determine the amount of heat absorption to be provided 
for. 

2 Determine the maximum pressure at which the discharge 
through the emergency relief device is to be computed, and the 
corresponding temperature. 

3 Determine, for the particular product concerned, the num- 
ber of pounds per hour that would be vaporized for this total 
heat absorption. 

4 Choose a suitable emergency-relief device having a capacity 
sufficient to discharge the amount of vapor thus computed. 


There is no advantage in attempting to accumulate all these 
steps into one all-embracing formula, and particularly to do this 
only for a limited number of pressure ranges. Rather, such an 
over-all formula tends to hide the results of the individual steps 
and renders any check of their reasonableness difficult. 

In regard to the total amount of heat to be absorbed, the rate 
of 20,000 Btu per sq ft per hr on a wetted surface appears reason- 
able for small containers that can be entirely surrounded by 
flame, or even for fairly large vertical containers that may be 
so enclosed that they are likely to be entirely surrounded by 
flame in case of fire. For containers installed outdoors, some re- 
duction is reasonable to take care of the unlikelihood of an entire 
vessel of large size being surrounded by an intense fire. The re- 
lation previously given, as used by the API, appears reason- 
able. It is admittedly arbitrary and might be improved upon. 
It is, however, convenient to use, it is qualitatively in the right 
direction, and in view of lack of evidence to the contrary, it is 
suggested that it continue to.be used. 
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The next step is to determine the pressure at which the relief 
should be computed. This, of course, depends indirectly upon 
the product concerned, in that the pressure vessels presumably 
are made strong enough to hold the contents under normal 
conditions, with some leeway above the vapor pressure that would 
be reached in normal operation to prevent frequent poppings. 
Actually the vessel will be stronger than required to maintain 
the product at the vapor pressure corresponding to its normal 
temperature. The vessel will usually have some additional 
thickness, due to the use of commercial thicknesses of plate, and 
while relatively new, to the provision of some corrosion allow- 
ances. In the case of vessels for fluids of low vapor pressures, 
such as less than 50 psi at ordinary operating temperature, it will 
generally be found that the minimum thickness for which it is 
desirable to make the vessel will give a safe working pressure 
that may be considerably higher than the normal vapor pressure 
of the contents. In this case economy will be achieved by taking 
advantage of the maximum working pressure of the vessel and 
designing the emergency relief for this pressure. The corre- 
sponding temperature can be obtained from a vapor pressure- 
temperature curve of the product, which will either be available 
or can be approximated by general rules, such as a line drawn on a 
Cox chart from a given boiling point at atmospheric pressure. 
A safety valve should be set at this maximum allowable pressure, 
and if this is the only provision for emergency relief, its capacity 
should be computed on the basis of whatever ‘‘accumulation” or 
increase above the initial popping pressure is permissible for the 
maximum discharge rate. The A.S.M.E. Unfired Pressure Ves- 
sel Code allows 10 per cent accumulation. However, it should 
not be overlooked that the emergency condition being provided 
for is hoped to be very unusual, and that there appears no good 
reason why a maximum accumulation up to the pressure at 
which the vessel has been hydrostatically tested (generally at 
least 50 per cent above the design pressure) should not be per- 
mitted. Even above this pressure the safety factor of the vessel 
provides further leeway before the vessel might be expected to 
explode. 

If a safety valve is provided of such size that it can take care of 
only normally expected conditions, further emergency fire relief 
can be provided by some form of bursting disk. Bursting disks 
have the disadvantage, however, that they cannot be designed to 
have bursting pressures very close to the normal operating pres- 
sures and have a reasonable life. A bursting disk that will burst 
at a pressure twice or 1.5 times the normal maximum pressure 
can be expected, however, to have a reasonable life. If the normal 
operating pressure is close to the design pressure of the vessel, 
it is suggested that bursting disks added for emergency fire ex- 
posure, in addition to a safety valve set at the design pressure, be 
arranged to have their bursting pressure at 150 per cent of the 
design pressure of the vessel. 

For bursting disks, which are relatively cheap compared to 
safety valves, it is usually simple to provide plenty of capacity. 

The purpose of the ‘‘contents factor F’,”’ used the the authors, 
is not at all clear. Partly, it seems to be introduced in order to 
reduce the determination of relief provision size to a single 
formula. The advantage of this is doubtful, as it succeeds ad- 
mirably in hiding the reasonableness of each step in the process. 
Partly also, an impression is gathered that the authors proposed 
this factor because of some doubt that data on latent heat of 
vaporization would be readily available, and that by use of Fig. 12 
it would be easier to guess the value of the ‘‘contents factor F”’ 
than it would be to guess the latent heat of vaporization. It is 
much more accurate to estimate the value of the latent heat than 
to choose the correct value of the more complicated value F. 

Time has not permitted checking the curves of Fig. 12 to see 
what provision the authors have included for variation of the 
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latent heat of vaporization with temperature, nor is any table 
given showing how the various points were computed. This is 
one of the disadvantages of the use of an all-embracing formula, 
in that there is no ready way of checking the reasonableness of an 
important value used in the formula. The authors mention the 
use of Trouton’s rule. Actually a curve based on Hildebrand’s 
rule, that covers vaporization at other than atmospheric boiling 
points, should be used. Such a chart has been published.** 

With the heat absorption, the discharge pressure, the tempera- 
ture, and the latent heat of vaporization fixed, the quantity to 
be handled can be easily computed and the necessary size of the 
safety device chosen. 

The dimensions of the relief device will depend upon what 
kind it is. The formula used in the API-ASME Code, due to 
Davidson and MacArdle, is devised primarily for hydrocarbons 
having a cons‘derable number of atomsin the molecule. It will be 
on the safe side by about 10 per cent for a simpler molecule, such 
as ethane and propane, and other gases having few atoms in the 
molecule; these have higher values of the ratio of specific heats. 
The formula includes a coefficient of 0.97 for a tapered nozzle, be- 
cause the originators of the formula worked for a company making 
asafety valve of the nozzle type, for which this coefficient applied. 
This same coefficient might not apply for other types of safety 
valves, particularly the low-lift type, previously in common use 
on boilers and air tanks. 

The authors modify this formula to apply to a short tube hav- 
ing a coefficient of 0.83 instead of 0.97. At this point again, the 
reasoning becomes vague. It is not quite clear from here on what 
the authors mean to do with the diameter thus found. They 
talk about using the diameter thus determined for the “relief 
connection size,’ implying that they mean the actual nozzle 
attached to the vessel and not the nozzle that may be part of the 
safety valve, nor the diameter of any bursting-disk device. Ii 
this is what they have in mind, the nozzle so determined will be 
too small. The actual connection to the vessel in the safety valve 
or other relief device should be considerably larger in diameter 
than the limiting discharge orifice. If this is not the case, the en- 
trance to the nozzle constitutes in effect a second orifice in series 
with the principal relief orifice, and when the flow starts, the pres- 
sure drop will not be almost entirely concentrated at the relief 
orifice, but will be divided between the relief orifice and entrance 
losses and friction in the connecting pipe between the vessel and the 
safety valve. This may cause the pressure at the safety valve to 
drop below the pressure at which it reseats, causing the valve to 
chatter. When a safety valve is used, the normal procedure is 
to choose the size of the safety valve from tables, furnished by 
the manufacturers, or to take the size a manufacturer recom- 
mends for the conditions, and then make the pipe connection 
correspond to the inlet flange on the safety valve. This will be 
usually several times the diameter of the actual nozzle in the 
safety valve. The discharge connection will be even larger. 

The authors apparently also have the idea of making such 
computations only for a limited number of pressures. Their 
Fig. 12, for example, indicates pressures of 15, 60, 150, 250, and 
500 psig, and they give four formulas, Equations [1]’, [2]’, [3]’, 
and [4]’, for particular pressures. Presumably they are trying to 
make it easy for an inspector or a designer to pick the nozzle sizes. 
Actually deciding upon safety-valve sizes by steps in this manner 
will cause considerable trouble. For example, Equation [2]’ 
is suggested for. working pressures from 60 to 200 psig. Pre- 
sumably, therefore, it is based on 60 psig. If it is used to de- 
termine the area of a safety ‘valve operating at 100 psig, it will 
require a larger-size safety valve than is actually needed. This 
may increase the expense very considerably in the case of the 


38 Ref. (12) of authors’ paper, p. 13. 


original installation, and even more if the rule is applied to an 
existing installation. A safety valve might be entirely ade- 
quate for the actual discharge pressure and yet not be large 
enough for the assumed lower pressure arbitrarily used for con- 
venience. Such a provision is quite objectionable. The amount 
of time saved over computing the requirements for the actual 
operating conditions is inconsiderable, and the amount of extra 
expense in the installation may be of large magnitude. 

As a general conclusion, the authors’ suggestion that their 
recommendations be used as a basis for official codes probably 
will be emphatically disagreed with by most designers who have 
been using the API-ASME Code, because of its failure to allow 
for the less likelihood of exposure to fire of an entire area of 
alarge tank, because of the lack of clarity of just what the authors 
are actually computing in their relief-device size, and because of 
the complicated way in which the result is arrived at, with the 
steps so combined that the implied values are not immediately 
evident for check as to their reasonableness. 


T. McLean Jasper.?* While the writer does not feel competent 
to discuss this paper so as to add constructive information or 
criticism, it is easily recognized that this type of information has 
positive value in analyzing a very important problem. It sup- 
plies data which will tend to reduce the danger. The particular 
tribute the writer wishes to pay to the authors is the resort to a 
practical approach to the problem, and this after all is the superior 
method for any intricate matter. 

The next step is to devise a simple workable plan for placing 
safety valves or disks and connections which will evacuate in- 
flammable liquids from fires when they occur, thus rendering 
them less hazardous and thereby safeguarding working personnel 
and property. 


F. L. Newcoms.” On January 4 and 5, 1948, a meeting of 
safety-valve manufacturers and users in the petroleum industry 
was called by the Petroleum Administration for War to draw up- 
recommendations for wartime standardized petroleum safety 
valves, including their application. At that time, a heat-input 
curve was submitted to the Petroleum Administration and 
adopted for the duration. This heat-input curve was prepared 
by the Standard Oil Development Company and was a modifica- 
tion of the curve proposed by D. V. Stroop of the American 
Petroleum Institute. Both this curve and the one proposed by 
Mr. Stroop have been referred to previously. The Standard Oil 
Development Company curve was the result of recommendations 
from process engineers concerned with the design of furnaces and 
other heat-transfer equipment and was the result of long and 
careful consideration. 

Through membership on the API Subcommittee on Relief 
Valve Capacities, there was available to the writer some data 
on actual fires which had occurred in the petroleum industry 
where the safety valves had prevented overpressure during a fire. 
By assuming that the safety valves blew to capacity and knowing 
the characteristics of the contents of the container, it was possible 
to figure the maximum heat input per square foot of exposed 
area. If the safety valves were not discharging at full capacity, 
the heat input would have been less than computed, and there- 
fore the assumption was on the safe side. When these calcula- 
tions were made and plotted against the curve submitted to the 
Petroleum Administration for War, in every case the maximum 
heat input was less than required by the curve. The matter 
of heat input and numerous other features are under consideration 
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by the API Subcommittee, and this curve has also been sub- 
mitted to them as a proposal for a starting point in their work. 
It is possible that when time permits this committee to become 
more active and more data are obtainable, it may be advisable to 
modify the curve. It has, however, been in use for a number of 
years and there has never been any evidence that it has not been 
adequate. The lack of failures due to fire exposure of vessels 
reasonably protected with safety valves in the petroleum in- 
dustry indicates that the present practices are adequate. It is felt 
that the recommendations contained in the paper under discus- 
sion would require unreasonably high safety-valve relieving 
capacity and place an entirely unnecessary burden on pressure- 
vessel users. 

It is not felt, however, that the work done by the authors pre- 
paring this paper should, in any way, be overlooked in further 
studying the matter of safety-valve relieving capacity, but 
should be given due consideration along with all other data and 
experience which may be available. 


R. C. Werner?! anp S. T. Russetr.4! This discussion has 
been limited to Part 1 on ‘Observed Rate of Heat Absorption.” 
Each of the four groups of experiments was studied in turn and 
certain points were noted which were thought to have a vital 
bearing on the acceptance of a 20,000 Btu per hr per sq ft heat- 
absorption rate as a basis for sizing relief valves for vessels ex- 
posed to fire. 

In regard to the test reported by J. F. Fetterly, Bureau of 
Explosives, 1929, the authors’ use of 5.9 min as the time factor in 
calculating the rate of heat absorption of 23,300 Btu per hr per 
sq ft of wetted surface may be open to question. 

It is reported by Fetterly: “It was intended that the safety 
valve should open to the full extent of its relief area, and when 
once opened to that area it should remain open until the contents 
of the container were discharged without exceeding 375 pounds 
per square inch gage pressure.” 

The irregularities in the pressure curve in Fetterly’s publication 
may be explained entirely by Venturi effect, if the piping was 
arranged as in Fig. 3 of the paper under discussion, and the pip- 
ing was of certain sizes. Fetterly’s paper does not give details of 
the arrangement of the equipment. If it were assumed that the 
relief valve, once open, did not shut, the heat-absorption rate 
would have been 11,850 instead of 23,300 Btu. 

It is plausible to reason that the temperature curve reported by 
Fetterly represents the condition at the bottom of the cylinder, 
and that vaporization might be taking place at the surface in spite 
of the temperature at the bottom being less than the theoretical 
boiling point of propane. If the propane contained some lower 
boiling material this effect would be more marked. 

If one assumes that the mechanism outlined by the authors is 
correct the rate of heat absorption would vary as follows: 


Time, Rate, 
min Btu per sq ft per hr 
Oto 3.7 1530 
3.7 to 9.4 8410 
9.4 to 15.3 23300 


Fetterly’s report does not indicate any physical basis for such a 
wide variation in rate of heat absorption. 

In general, it may be said that it appears difficult to arrive at a 
correct value of the rate of heat absorption on the basis of the test 
data in Fetterly’s publication. 

In regard to the test made by the Underwriters’ Laboratories, 
Inc., as reported in N.B.F.U. Bulletin of Research No. 3, 1938, 
the following three points are noted: 

1 The introduction of a water film on the surface of a plate on 
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the fire side increases the heat absorbed from the fire. A second 
test was performed with identical conditions except that no water 
film was present. From the dimensions of the vertical plate and 
the rate of the average temperature rise, the maximum rate at 
which heat was absorbed by the plate without the water film was 
calculated to be 461,000 Btu per hr, as compared to 776,000 Btu 
per hr with the water film. These results bring out the fact that 
if the quantity of heat absorbed is measured by a water film on 
the outside of the tank a considerably higher result will be ob- 
tained than for the case where no water film exists. This should 
be taken into account when applying other test data. 

2 A considerable error may be introduced if one applies the 
results obtained from a small-scale test to commercial installa- 
tions. As the oxygen supplied to burning fuel is increased to the 
theoretical quantity, the flame temperature increases rapidly. 
Therefore a fire with excess oxygen will generally be hotter than 
where a deficiency of oxygen exists. A small fire may well be the 
hotter because of its size, since an excess of oxygen over that 
needed for complete combustion can be easily obtained, but in the 
case of a fire of large area, it is difficult for the center portion to 
obtain any oxygen at all. 

3 The size of the tank should also be considered. Although 
the actual initial flame temperature in two different cases may 
be identical, the larger tank will absorb a greater portion of the 
total heat in the flame and thus have a lower average flame tempera- 
ture adjacent to the tank than for the other case. Small tanks 
and areas will, therefore, receive heat at\a greater rate than large 
tanks or areas. 

In regard to the report of the 19380 tests of the A.P.I. on 
aluminum-alloy tanks for tank trucks, the following points are 
noted: 

1 To assume that a measure of the total heat supplied to 
the gasoline is the amount of heat needed to vaporize completely the 
gasoline may result in considerable error, particularly in the case 
of small tanks. Gasoline may leave the tank in the form of a 
liquid as entrainment. This can be gathered from the original 
data on this test. The vapors from the tank ignited at 4 min 20 
sec after the start of the fire. At 6 min the fusible plug in the fill 
cap melted and atomized gasoline was observed to issue from the 
opening for several seconds. Since both openings are in the same 
cap it is possible that gasoline was atomized (leaving as a liquid) 
for the full period of 1 min 47 sec through the vent and probably 
longer but at a reduced rate. 

2 Toassume that the liquid level in the tank can be measured 
by the abrupt temperature rise as recorded by the thermocouples 
located at different elevations may result in error. The thermo- 
couples were located on lugs on the outside surface. The tempera- 
ture of the liquid on the inside of the tank would differ by the 
temperature gradient needed to transfer the heat from the out- 
side surface through the metal walls and inside film to the liquid. 
This temperature gradient would vary from 30 to 200 F, 
With such a temperature gradient the inside temperature may 
be related to the thermocouple readings, but it would be difficult 
to determine the exact relationship. 

On checking the original data, a difference was discovered be- 
tween the recorded temperatures in the table and a plot of the 
temperatures. The value for the thermocouple No. 10 at 14min 
isrecorded as 355 F but plotted as 255 F. Replotting the tempera- 
ture curve for thermocouple No. 10 with the correction given, it 
would appear that the abrupt temperature rise for both the No. 
10 thermocouple (at 50 per cent level in the tank) and No. 11 
thermocouple (at 75 per cent level in the tank) occurred at 
approximately the same time, i.e., 12 min from the start of the 
fire. Since both thermocouples rose abruptly at the same time, 
they do not seem to have given a very good indication of the 
liquid level. 
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A reasonable explanation may be obtained for this abrupt rise 
in temperature from the photographic record of the test in the 
original report. The photographs as a rule were taken every 3 
min. At 9 min there was only a slight indication of any wind 
blowing. This could be observed from the burning vent gases. 
At 12 min a slight breeze was blowing the flame from the burning 
vent gases toward the end of the tank on which the thermo- 
couples were mounted, which were those reported in this paper. 
The thermocouples on the second tank on the opposite side at no 
time indicated such a sharp rise although the tank was only one 
half full to start and was exposed to the same fire. It will be 
noted from the photographs that the flame was blown away from 
the second tank by the wind. The abrupt temperature rise, 
therefore, seems to be dependent upon whether or not the 
thermocouples were exposed to the radiation from the burning 
vent gases, and not primarily to the liquid level in the tank. 

3 To assume, after rapid ebullition is started, that the only 
heat needed is for evaporation seems to be an error. From the 
properties of the gasoline used in the test the initial distillation 
point is 95 F, and the 51 per cent distillation point is 284 F. 
The heat needed to evaporate the gasoline is that heat required 
for the latent heat of evaporation plus that needed as sensible 
heat to raise the temperature of the remaining gasoline to a rising 
boiling point. 

4 The data on the other 150 gal tank should have been con- 
sidered. This second tank was directly attached to the first and 
was exposed to the same fire. The charge consisted of only 75 gal of 
which 30 gal remained after the test. In all, only 45 gal were 
vented as compared to 129 gal for the tank reported in the paper 
under discussion. This marked difference cannot be explained by 
the difference in exposed area only. Additional explanation may 
result in the consideration of entrainment. The half-full tank 
would have on an average a lower liquid level thus resulting in less 
entrainment. 

5 In applying the results of these tests to the design of a 
relief valve to be attached to a storage tank located in the open, 
a correction factor should be used with the test data since a wind- 
shield was used. Theoretically the radiation from the shield to 
the tank may be almost as great as from the flame alone. Wind- 
shields also help the natural convection of the fire and increase 
the per cent air to a possible excess. In the case of burning gaso- 
line spread over a large area, there would be a deficiency of air, 
and therefore a much lower flame temperature. 

In regard to the test made by the authors of the paper under 
discussion, the following points are noted: 

1 It is questionable whether the asbestos shield around the 
tank approaches the condition of a flame of considerable depth. 
The emissivity of asbestos is higher than can be reached in a 
flame, and a flame of considerable depth probably would be of a 
much lower temperature, due to the difficulty of oxygen reaching 
all parts of the flame. Therefore the heat-transfer rate with 
the asbestos shield would be higher than could be obtained by a 
tank surrounded by a large-area fire. The authors were aware 
of this fact, but believed that the strong updraft between 
the cylinder and the tank tended to offset the increased radia- 
tion. 

2 However, it seems questionable whether the strong up- 
draft between the cylinder shield and the tank has the indicated 
effect. This strong updraft increases the natural convection to 
the tank and probably causes an increase in the air supply giving 
a more theoretical mixture and thus a higher flame temperature, 
as compared to a large-area fire which would have a deficiency of 
oxygen in many places. 

3 On checking the information presented for runs Nos. 2 and 
3, it appears that the heat which the authors designate as latent 


heat absorbed is not a measured quantity but rather the differ- 
ence between the actual measured sensible heat absorbed and 
the calculated theoretical possible heat absorbed. Therefore, the 
calculated rate of heat absorption is actually a theoretical value 
and should not be confused with the values reported in runs 
Nos. 1 and 4, which are actual measured rates. 

4 The results obtained in run No. 4 are questionable due to 
the reduction in area used in the calculation by the assumption 
that a band of the wetted surface 2 ft wide is not exposed to the 
flame. By using the full wetted area a value of 12,630 Btu per sq 
ft per hr is calculated. If the authors’ assumption is used, a 
value of 16,850 Btu per sq ft per hr is obtained which is 33.4 
per cent higher. Since the actual measured flame temperature is 
higher than for runs Nos. 2 and 3, it is questionable whether such 
an assumption which results in a 33.4 per cent increase should be 
made without at least more test data. 

5 As was pointed out in regard to the test made by the 
Underwriters’ Laboratories, Inc., and which is observed when 
comparing runs Nos. 1 and 4 (25,900 as against 16,850 Btu per 
sq ft per hr) the tank or plate with water flowing on the surface 
facing the flame will absorb heat at a considerably higher rate 
than if the water film is omitted. This would indicate, as men- 
tioned before, that a water film increased the absorption rate 
and therefore such test data cannot be applied to a dry tank. 

6 In calculating the results of run No. 1, the authors have 
assumed a mechanism whereby the tank metal receives the 
radiation and then transfers the heat to the water film. This 
assumption is open to question. The measure of absorptivity of 
a material to radiation is its emissivity. McAdams reports the 
maximum emissivity of iron and steel at around 0.75, whereas 
for water a value of 0.96 is reported. This would indicate that 
the water film is more absorptive to heat radiation than steel. 

Underwriters’ Laboratories, Inc., reports in its test; ‘‘A simple 
experiment to gage the properties of water film may be performed 
by viewing a flame through a thin sheet of glass. The difference 
in heat energy sensed by the face or hand with or without the 
glass is not appreciable; but when an unbroken film of water is 
caused to pass over the glass surface the difference in the heat 
transmitted through the combination is quite perceptible, 
although translucency is not materially altered.’”’ However, in 
the authors’ test the tank metal became hotter than the water 
fim. This appears to be in contradiction to Underwriters’ 
Laboratories, Inc., observation and to theory. More data along 
this line are therefore needed. 

In summarizing there seem to be three experimental procedures 
of major importance which should first be evaluated before the 
results obtained by using such procedures are adapted to a rela- 
tively large storage tank located in the open and heated by flame 
such as a large-area oil fire. 

1 The use of a water film on the outside of a tank to measure 
the quantity of heat absorbed. The water film in two of the re- 
ported cases greatly increased the amount of heat absorbed. 

2 The use of the quantity of material which is vented from the 
tank as a measure of the quantity of heat absorbed when it is 
assumed that the material was vented as a vapor. In one 
particular case, atomized gasoline was observed to issue from the 
tank. 

3 Theuse of a windshield to control the fire. The emissivity of 
the shield is generally higher than the possible flame emissivity 
and thus greatly increases the radiation to the tank. In all the 
reported cases some type of windshield was used. 

In conclusion, the authors of this paper should be congratulated 
for their contribution to the field of design and safety. It is good 
to see that even during a period of accelerated production the 
field of safety has not altogether been forgotten. 
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Watrer Samans.*? Because of lack of time for adequate 
study of this paper, it would be an unwarranted presumption on 
the writer’s part to make any off-hand comments on the authors’ 
findings. However, their correlation of formerly existing test 
data with theory indicates that more tests were very much 
needed to confirm the theories. The chemical industries particu- 
larly will appreciate this report, and the authors’ employers, 
who fostered the tests, in absorbing the costs for the equipment 
and personnel engaged, are entitled to commendation jointly 
with the authors themselves. The data thereby presented 
should prove the best possible source for the formulation of a 
more standardized practice in determining the required safety 
valves supplemented by relief disks or cups, and similar devices. 

The writer’s comments will apply principally to large vertical 
storage tanks. The authors have recognized a difference between 
test fires around small pressure vessels and fires in commercial 
plants where the hindrance offered to complete envelopment by 
flame will materially cut down the total heat absorbed. They 
have acknowledged this difference in Part 1 of their paper for the 
test reported by Fetterly, and those conducted for the A.P.I. 
and N.F.P.A. They have acknowledged the justification for a 
reduced heat input on vertical storage tanks over 15 ft diam, 
approaching a rate of 6000 Btu per sq ft per hr for a 100,000-gal- 
capacity tank, and reaching the maximum 24-in. size of relief 
vent for tanks of 300,000 gal (7000 bbl approximately) and 
arger, in Part 3, Fig. 18. 

Although this appears to be a concession to the experience in 
actual tank fires, and purports to be a reasonable interpretation 
of test results, this may not prove a sound reason for discarding 
the present practices for petroleum storage tanks, as shown by 
curve 6 of Fig. 18. This stand is taken both because of the 
character of the hydrocarbon flame encountered when pools of 
petroleum, as crude, reduced crude, intermediates, or gasoline 
are on fire in a tank pit, and because vertical storage tanks do 
rupture at the edge of the roof without destructive explosion. 

Assume that burning oil on the ground is a heavy petroleum 
product and that there is no appreciable wind (rain is not a con- 
sideration); there will be lots of smoke which screens the tank 
from radiant heat, except where the inrushing air enters the 
vapor. Inside of that boundary there is incomplete combustion, 
because of insufficient air, and consequently a lower temperature. 
Above the top of a tank 30 ft or more in height, the radiant heat 
has little effect on the roof. It is quite possible that the equivalent 
of only 1/6 of the wetted shell surface need be computed at a 
heat input of 20,000 Btu per sq ft per hr. In the case of burning 
gasoline, the flame may be almost free of smoke, or at least will 
appear so on the outer boundary of the burning cloud of vapor. 
There could not be a sea of fire over an area having an annular 
width equal to the radius of a large tank that could be ‘“‘seen” by 
the wetted tank surface as the interior of the burning vapor cloud 
is not clear. Smoke does form. 

Because of the greater area on fire, the inrushing air will carry 
the flame higher, but by attenuation of the flame, the radiant- 
heat effect will be reduced with height, radiating less total heat 
per average square foot on higher tanks, and to the tank roof. 
Intermediate oils, between heavy fuel and gasoline, will show ‘‘in- 
between” effects. 

When there is a wind blowing, there is no great difference in 
rate of heat input until its velocity is higher than the air drawn to 
the fire by the draft. There can never be the chimney effect pro- 
duced by the authors’ tests, because there the gasoline was 
sprayed into the rising current of air to produce a hot continuous 
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flame with resulting excess air, as far as the photographie cuts 
indicate. 

To simulate a storage-tank fire, tests might be made by burning 
gasoline poured on top of a pool of water around the tank 
The screen or shield should be placed outside of the basin that 
holds or receives the cooling water, and air admitted through a 
sufficiently large clearance under the screen. The effect should be 
similar to that obtained in the trial runs using gas fuel, shown in ~ 
Fig. 8, except that, gasoline vapor having a higher molecular 
weight, and the flame being screened, a higher rate of heat input 
may be expected. 

In this connection the authors’ “unfortunate experiences” 
with small tanks should not affect conclusions based upon good 
experience with large vertical oil-storage tanks. To evaluate the 
screening effect of the width (i.e., horizontal depth) of flame on 
the heat radiated to the surface of the tank, the Underwriters’ 
Laboratory test made on a flat plate might be reproduced, but 
shielding the boundaries of the plate from flame contact so that 
the air-vapor mixture will not take place near the test plate. 
Obviously, the results should give a low rate of heat input, when 
a heavy fuel oil is burned and not as high a rate as on the authors’ 
test recorded in the paper, when burning gasoline. 

The statements just given are also intended to verify the 
authors’ conclusion that open-air combustion cannot be compared 
with controlled combustion in a boiler furnace. In the latter, 
only the wall tubes and radiant-heat surface are comparable, 
but the type of furnace flame, with little obstruction, and that 
due to haze, is seldom reproduced in industrial fires. It is ex- 
pected that the subject of vertical storage-tank fires, covered by 
this contribution to the discussion, will be amplified by the 
actual experience of some of the many oil men in California who 
have combated fires in oil refineries and field storage tanks. The 
record so obtained should be combined with the results of the 
authors’ studies and tests and formulated into the best possible 
procedure for determining the protective venting needed for 
large tanks. 

Another point which appears to need clarification is the state- 
ment in the Summary at the beginning of the paper: “So far 
as can be learned, there is no substantial theory or evidence to 
support the limiting of heat-input rates to any particular height. 
There are some indications to the contrary, that is, high flame 
temperatures apparently exist at relatively great heights above 
the fuel during large fires.” 

There appears no reason for this reversal of published ‘Fire 
Fighter” opinion, i.e., not by the text of the authors’ paper, and 
there being no other publication referred to in this thesis, possibly 
the authors will say why this statement was made in the Sum- 
mary of Part 1, where reported tests did not develop ‘relatively 
great heights,” unless other records made.and cited in the 
original reports were not herein reproduced. The wording of the 
statement referred to may be unintentionally misleading. 
“High gas’ temperatures will exist wherever they are found, 
and what was no doubt meant was that high temperatures are 
radiated to relatively great heights, provided the fire is intense 
and large enough. As mentioned in this discussion on fires 
around oil tanks inrushing air over an annular flaming oil area 
surrounding a tank, “‘attentuates” the flames and, for the case 
herein considered, will hasten the completion of vapor combus- 
tion. Obviously, the larger the area covered by fire, the higher 
the flame will reach, and the greater the intensity of radiation in 
the most favorable directions. Reverting to the original state- 
ment on “the limiting of heat-input rates to any particular 
height,” the authors’ tests did not simulate an open-air fire and 
on such fires the radiation effect of flames above a pool of oil on 
the ground will diminish rapidly upward as the intensity de- 
creases. 
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The authors’ theories are presented in a usable manner by the 
formulas, and the derivations are of practical form. They seem 
well substantiated by the tests. The authors have also recog- 
nized the varied degree of exposure encountered with special 
protection that may be provided in the construction. It now 
remains for interested authorities, as represented by state in- 
spectors, insurance engineers, and recognized technical com- 
mittees to formulate reasonable assumptions of departure from 
test conditions, to which the authors’ correlation between tests 
and theories may be properly applied to give adequate protection 
for each type and size of vessel or tank. 

The authors’ work was well worth while. The resulting for- 
ward steps have anticipated similar work by other organizations 
that was no doubt postponed because of the existing war emer- 
gency. The authors’ continued work for the furtherance of their 
ideas should be aided and encouraged in all ways possible. 


H. R. Zereipr.** The derivation of the fundamental equa- 
tion is very simple and logical.. The authors start with the 
formula given in the API-ASME Code which is used for deter- 
mination of capacities of pressure-relieving safety devices. They 
claim that this formula is universally employed and is of proved 
accuracy. By substitution, factors for heat input, wetted sur- 
face, and latent heat are introduced to complete the formula. 

A novel feature of the paper is a chart which shows “‘contents 
factors” for many compounds. This chart may be read and the 
reading substituted in place of one expression in the formula which 
involves temperature of the substance, molecular weight, and 
latent heat of vaporization of the substance. 

In addition to the basic equation, the authors offer a few other 
equations, the purpose of which is not particularly clear. How- 
ever, all of these equations are extremely easy of solution, 
whereas the well-known Fetterly formula is quite difficult of 
solution and offers many possibilities of error. 

One novel suggestion is that relief valves be made the same 
size on all vessels of the same capacity and pressure range. This 
is to promote interchangeability of use of such vessels and, con- 
sequently, a high ‘‘content factor” is used. 

The authors concede indirectly that the size of the tank has 
an influence, if the writer interprets the paper correctly. This 
statement is based on the fact that they treat of four pressure 
ranges for vessels not exceeding 10,000-gal capacity, and one 
formula only for vessels above that size. However, another 
way of looking at this is that they may consider it uneconomical 
to bother with different relief areas for vessels of many differ nt 
working pressures. The four pressure ranges are 15-60, 60-200, 
200-700 psig and finally, pressures above 700 psig. Incidentally, 
in O. M. Setrum’s study of the subject of relief valves, he sug- 
gested that the external temperature of tanks of 10,000 gal and 
larger should be 1000 F, instead of the 1200 F used for smaller 
tanks. 

In leading up to the equation recommended, the authors exert 
all their efforts to establish a heat-input rate of 20,000 Btu per 
hr per sq ft of wetted surface. In reviewing previous work they 
point out that the API Committee on Fire Prevention prepared 
a chart 12 or 14 years ago for gasoline tanks exposed to fire. 
This chart shows capacity and size of relief devices for heat- 
input rates of 24,000 to 6000 Btu per hr per sq ft, but there was 
no practical basis presented for this choice of a heat rate. The 
relief standards contained in N.B.F.U. pamphlet 30 are based 
on heat input of 6000 Btu per hr per sq ft of wetted surface. 
They regard the work of Fetterly as outstanding and, therefore, 
discuss it at some length. 

In discussing Fetterly’s formula, the authors show that 
judged by modern methods of calculation, his coefficient of heat 
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input was remarkably accurate. They then show that, since his 
estimate of surrounding temperature was 1200 F, the heat-input 
rate was about 14,000 Btu per hr per sq ft of wetted surface. 
However, they advance the idea that 1400 F is a more probable 
surrounding temperature and, therefore, according to Fetterly’s 
coefficient the heat-input rate would be 23,000 Btu per hr per 
sq ft of wetted surface. The writer believes this disregards the 
fact that Fetterly’s coefficient must have been obtained em- 
pirically from a calculated input rate and, therefore, the premise 
is untenable. It is also felt there were some other distortions of 
Fetterly’s test data in the authors’ analysis. Finally, the 
authors proved to their satisfaction that vaporization was in 
excess of relief-valve capacity in spite of the fact that the fire test 
on which Fetterly based his paper was satisfactorily per- 
formed. 

The authors summarize their tests as follows: ‘When a tank is 
surrounded by an intense fire having an effective temperature of 
about 1400 F, heat is absorbed from the flames at a rate of the 
order of 20,000 Btu per hr per sq ft of wetted surface exposed.” 

The tests do not make out a very good case for either heat input 
of 20,000 Btu per hr per sq ft of wetted surface, or for the effective 
temperature of 1400 F. The tabulated results for three runs out 
of four were 25,900, 17,300, and 18,700 Btu and 1510, 1270, and 
1315 F. These effective temperatures were measured at the 
center of the flame region under well-shielded conditions, and 
it is the writer’s opinion that, unless a tank were installed within 
a building, windage would discount the effective temperature 
and, consequently, the heat-input rate very considerably. 

The formula recommended by the authors seems to have only 
one weakness, namely, the heat-input rate which they have 
tried so hard to establish at 20,000 Btu per hr per sq ft of wetted 
surface. 

The writer has worked out the following relief-valve areas for 
an 82.5-in-ID (7-ft-OD) x 42-ft T.L. tank. This tank was 
chosen because it has a nominal capacity of 10,000 gal and a total 
surface of 1000 sq ft. The working pressure is 200 psig, and this 
is chosen because it is a pressure very commonly used by the 
writer’s company. This size and working pressure give an 
opportunity to show several different solutions for relief area. 

Equation [2]’ covers vessels between 60 and 200 psig and is 
developed from Equation [4]’, being simplified by the insertion 
of 66 psia, and the wetted surface is expressed as 85 per cent of 
the total surface. 

Equation [3]’ covers vessels between 200 and 700 psig and is 
developed in the same manner except that 220 psia is used. 

Although Equation [4]’ will not be used, it is necessary to point 
out that this is based on the assumption that tanks should be 
equipped with relieving devices of sufficient capacity to promote 
interchangeability. 

Equation [5|’ covers vessels larger than 10,000 gal. By infer- 
ence the preceding equations are for vessels less than 10,000-gal 
eapacity. 


Equation [2]’a = 0.0192S = 19.2 sqin. 
Equation [3]’a = 0.01112S = 11.12sqin. 
97.38, TENA 4 : 
i Sy eek mar Vie |e = 2,7 LOAN ee 

Equation [5] (P + 14.7) (aa) in 
RTS OR Ee fier Pie hoe CER a = 6.15 sq in. 
Fetterly’s formula using 1400 F.......... a = 4.91 sq in. 
Fetterly’s formula using 1200 F.......... a = 3.52sqin. 
D X U table where D = 7andU =45;D X U = 3li anda = 3.10 

sq in, 
In Equation [5]’S,, = wetted surface, sq ft 
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The writer feels that the authors have not proved their con- 
stants sufficiently for adoption, in view of the success of the 
present practices recommended by the National Board of Fire 
Underwriters in Pamphlet 58. 

The authors have not proved the inadequacy of Fetterly’s 
formula. 

In general, the authors offer a very intelligent basic formula 
for the solution of relief-valve-area problems and, if their con- 
stants for heat input and surrounding temperatures can be ad- 
justed downward to produce more reasonable results, the writer 
would like very much to see this basic formula adopted. 


T. C. Smirn.44 The authors of this paper are to be congratu- 
lated for this excellent paper with its summary of fire tests con- 
ducted by themselves and others. Particular attention should be 
directed to the method used for cooling the test tank and recogni- 
tion given to this type of protecting against overpressure or over- 
heating of the tank surface in the vapor space. 

It has been difficult to understand why the authors have chosen 
to determine the pipe size required for the relief-valve connection 
rather than the orifice area of the valve. Commercial spring- 
loaded relief valves have an orifice area ranging from 25 to 30 per 
cent of the connecting-pipe area, hence it would appear that the 
orifice should be of primary concern and the inlet-pipe connec- 
tion of secondary interest. 

Also, consideration should be given to replotting the curves of 
“content factors” with the term ‘‘pressure” incorporated in the 
equation. This will permit a series of charts, each consisting of a 
family of curves for various groups of contents. 

The authors present heat-input rates ranging from 20,000 to 
30,000 Btu per sq ft per hr, as obtained from three different sets 
of tests. These values are not questioned. Next, they compare 
these results with established venting rules and create doubt as to 
their safety. Lastly, they call attention to the absence of 
specified heat-input rates in two well-known pressure-vessel 
codes, thereby inferring that this matter has been given scant 
attention by bodies interested in the formulation of safety 
standards. 

The writer hastens to correct any doubts, on the deficiency 
of these venting rules, or impressions that this subject has been 
or is being neglected by groups engaged in the initial drafting of 
safety standards. These existing rules, although differing in 
form, employ definite heat-input values which have been es- 
tablished by experience. Also, these sponsoring groups receive 
many reports of tank and vessel failure which are studied to de- 
termine whether revisions in their standards are necessary. The 
heat-input rates and some of the current work being done is re- 
ported herewith as a matter of record. 

The first venting rules, for the protection of equipment from 
overpressure when exposed to external fire, appear to be for oil- 
storage tanks operating at atmospheric pressure. The American 
Petroleum Institute was asked to suggest some kind of a venting 
schedule, and after reviewing the records of their industry where 
tanks were involved in fires, arbitrarily selected a unit-heat-input 
rule which was represented by their experience. This rule ex- 
pressed mathematically is 
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where 


Q = total heat absorbed by tank per hour 
A = wetted surface exposed to heat 
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The development of liquefied petroleum gases for commercial 
use brought out two venting rules intended for small- and 
moderate-size pressure tanks. The California Safety Orders for 
Liquefied Petroleum Gases gave a rule which was based on 20,000 
Btu input on 60 per cent of the surface, or an average of 12,000 Btu 
per sq ft on the gross surface. The National Board of Fire 
Underwriter’s rule was based upon a modification of Fetterly’s 
formula, using a flame temperature of 1200 F for tanks having 
a capacity of 10,000 gal or less, and 1000 F for tanks of 30,000 gal 
capacity or more, with adjusted temperatures for tanks of inter- 
mediate capacity. The heat input by this rule will vary between 
23,000 and 13,000 Btu per sq ft per hr. 

The application of either the California or NBFU rule to 
extremely large vessels resulted in relieving areas that appeared 
to be excessive and caused them to be questioned. The American 
Petroleum Institute, because of its interest in pressure-vessel 
safety and fire prevention, became interested in the problem and 
referred the matter to a subcommittee for further study. This 
subcommittee was instructed to confine its initial efforts to large 
pressure storage tanks and determine if the previous A.P.I. rule 
for heat input to atmospheric tanks was satisfactory for pressure 
tanks, also what modifications might be necessary for other factors 
involved. 

The assignment has been divided into three parts for study, 
namely, (a) the correlation of test data to actual fire conditions; 
(b) further tests, if necessary, to determine the scale effect for 
both horizontal and vertical vessels; and (c) a survey of fires in- 
volving pressure vessels to determine the maximum average heat 
input. 

Some progress has been made on the lastitem. A questionnaire 
was issued to the petroleum industry for histories of external fires 
on pressure vessels. Cases have been selected where the vessel 
was full or nearly full of liquid hydrocarbons and both incoming 
and outgoing lines were closed. Such cases with pertinent detail 
data permit the estimation of the average heat input by assuming 
that the open relief valve is an orifice. This survey has produced 
heat-input data for two extreme cases as follows: 

(c-1) More than 11,000, but less then 17,000 Btu per sq ft per 
hr, for small propane cylinders having a wetted surface of 16 sq ft. 
Approximately twenty-five cylinders exposed in ten or twelve 
fires failed from insufficient relief-valve area (0.062 sq in.). This 
experience prompted a program for changing the type of relief 
valve to one having a larger orifice (0.100 in.), and the results to 
date show that some twelve cylinders have successfully with- 
stood severe fires. In at least two cases there were, in the same 
fire, cylinders with each type of valve, and some of those with the 
small orifice failed from excessive pressure while all of those with 
the large orifice came through without damage. 

(c-2) Approximately 2300 Btu per sq ft per hr on a sphere 
having a wetted surface of 4363 sq ft. This was a 48-ft-diam 
sphere subjected to a severe fire for 1 hr 7 min. At times the 
vessel was completely enveloped in flame. The relief valves were 
adequate and prevented failure of the sphere. 


(c-3) In addition to the foregoing, three intermediate cases 
can be cited as follows: 

3600 Btu on a natural-gasoline tank; wetted surface = 319 sq ft 

2050 Btu on a natural-gasoline tank; wetted surface = 900 sq ft 

1350 Btu on a natural-gasoline tank; wetted surface = 990 sq ft 


In all of these fires, the average heat input is estimated to be 
less than the value obtained by the previously mentioned API 
heat-input rule for oil-storage tanks. 

Reports have been received on many other vessels, but un- 
fortunately, the data do not permit an estimation of heat input 
because of open lines discharging liquid or vapor, or flame im- 
pingement on a surface in the vapor space which resulted in 
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overheating and failure of the metal. Such failures cannot be 
prevented by relieving devices which maintain, regardless of the 
size of the device, a fixed pressure on the tank. 

Obviously, it would be both improper and premature to predict 
the final recommendations of this subcommittee. 

As noted previously, there are existing rules for venting in use 
in the petroleum industry, and so far as is known, there is no 
evidence that these rules where properly applied have been in- 
adequate to maintain safe conditions. The authors of the paper 
under discussion propose that these rules be superseded on the 
basis of the evidence and conclusions which they have submitted. 
In the writer’s opinion, this is not justified by their data. 

The experimental accuracy of their data is not being questioned, 
but the interpretation and extrapolation thereof on which their 
recommendations are based is open to criticism. They have 
employed results from a very limited number of tests run on a 
narrow range of vessel sizes under conditions which do not dupli- 
cate, nor in some cases resemble, actual service conditions. 
They have used these as a basis for a proposal that a satisfactory 
experience record be discounted and supplanted. This is unsound. 

The data that they have derived justify conclusions only 
within the range of exposure conditions covered by the reported 
tests. However, if correlated with other accumulated data they 
can aid in reaching a reasonable solution for the over-all problem 
and for this purpose they are of full value. It is recommended 
that they be considered at this time only as a contribution to the 
study being made by the API subcommittee mentioned pre- 
viously. 


Authors’ Closure 


Repty to Discussion By T. A. GADWA 


Herewith are the authors’ comments on the questions raised 
by Dr. Gadwa in his discussion of their paper. 

Effective Height of Flame. Dr. Gadwa’s reference to 50 ft for 
a minimum height for protection against fire exposures is the 
highest about which we have learned and with which we are in 
agreement to this extent: We have experienced heat failures 
(1000 to 1200F) of unprotected structural steel at a 50-ft eleva- 
tion in the open. However, under such circumstances, a good 
part of the fire fuel was about 20 ft above grade. We have had 
such failures in the open at 30-to-40-ft above-ground spillage 
fires, and this was a part of the basis for the suggestions near the 
end of Part 1 of the paper. We are convinced that the more 
generally used height of 20 ft is inadequate. 

Input Rate of 20,000 Btu per Sq Ft per Hr. At this time, we 
have a record of ten tests by six separate concerns, and five analy- 
ses of actual fires which indicate that the constant rate of 20,000 
Btu per sq ft per hr of surface wetted by the contents is a safe 
minimum for vessels enveloped with intense fire. We do, how- 
ever, suggest a reduction of this rate for atmospheric tanks 
above 20,000 gal nominal capacity, as proportionately represented 
by curve 2, Fig. 14, or curve 3, Fig. 18, of the paper. The authors 
interpret the “‘Wartime Recommendations . . .” to specify heat 
rates of 10,700 Btu for 10 sq ft of surface downward to 4800 Btu 
for 1000 sq ft per hr of wetted surface. In the light of our fire 
experience, this is inadequate, and no attempt will be made to 
co-ordinate our results with these recommendations. 

Effect of Insulation. We suggest allowance for insulation in the 
capacity of the relieving apparatus but not in the area of the re- 
lieving connection. This would depend upon the reduction 
effected in the flow of heat by the insulation when exposed to hot 
gas temperatures of 1400F. No data have been prepared on 
this as it is expected that only in rare cases will allowances prove 
economical and practical. 


Conversion of API-ASME Code Equation. To clarify the 
reason for the conversion of the API-ASME orifice equation, refer- 
ence is suggested to its derivation. This will be found in ‘‘Dis- 
charge Capacity of Relief Valves for Oil Stills,” by K. S. M. 
Davidson and D. W. MacArdle.”4 

It will be seen in this reference that the equation was derived 
using a ratio of specific heats of 1.001, a critical pressure ratio of 
0.6064, and a coefficient of discharge of 0.97. These superficial 
or ideal values (the first two) were employed to assure adequate 
relief capacities for any of the heavier hydrocarbons. Since the 
formula is so universally employed, well known, and of proved 
accuracy, it was considered wise to incorporate it in the paper 
rather than those which we had derived for synthetic organics, 
even though there was little difference. , 

Further, it is our method to compute all relief capacities in 
terms of free area and then select the relief device of a capacity 
based upon approved flow test to pass the calculated rate. Since 
we use valves having capacities which range from 14 to 60 per 
cent of the capacity of the relief connection of the same size, it is 
frequently necessary to choose a larger relief connection than the 
calculated free area. We do not figure the relief capacity of the 
valve orifice itself because only those capacities for valves which 
are essentially free-blowing orifices (top guided, high lift, -full 
bore) can be calculated readily with practical accuracy. 

Also, it will be found expedient for most cases that the neces- 
sary relief device for fire exposure be supplemental to the usual 
spring-loaded safety valve, and that this device be simple, in- 
expensive, and of relatively large capacity. Such apparatus is 
available with free areas practically equivalent to the pipe-size 
connection. Reference is suggested to paragraph 5, Proposed 
Summary for Use, Part 2 of the paper. 


Repty To Discussion By F. L. Maxer 


In order to simplify the authors’ reply to Mr. Maker’s lengthy 
discussion, a summary of his comments is given as follows: 


1 Mr. Maker’s comments refer to Parts 1 and 2 of the paper. 

2 He states that heat-input rates of the order of 20,000 Btu 
per sq ft per hr are not new. 

3 He suggests continued use of : = a 

4 He wonders why we refer to nozzle size rather than relief- 
device size. 

5 He is confused by the ‘‘contents factor.” 

6 He suggests how the problem should be solved. 

All of Mr. Maker’s comments in which relief devices are men- 
tioned should be ignored because our paper is concerned with the 
free-relief area rather than the relief device itself. 

The following reply is more to the points summarized: 


1 Although Mr. Maker’s comments refer to Parts 1 and 2. the 
authors wish to point out that a fire is no respecter of the working 
pressure of a vessel. Therefore, although the fire experience to 
which the authors refer consists of observed failure of low-pressure 
vessels up to 10,000-gal capacity exposed to fire out in the open, 
the intensity of a fire around similar high-pressure vessels would 
be the same, Reference is made by Mr. Maker to the difference 
between vessels in refineries and those in other plants. The codes 
do not recognize this differentiation and the authors are of the 
opinion that the code should be specific about the size and shape 
of a vessel in relation to heat input in an exposure fire, or else 
vessels should be designed for the worst condition. The formulas 
given apply to any shape and working pressure. 

2 The authors are aware that possible heat-input rates of 
20,000 Btu per sq ft per hr are not new. but they desire to point 
out that very little information has been given to the public to 
this effect in the 18 years since heat-absorption rates of this 
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magnitude were observed by Mr. Maker. Furthermore, be- 
cause of the use of recommended values of from one sixth to 
one third of the observed heat-input rates many a tank has 
probably suffered damage during this period. 

3 Mr. Maker suggests continued use of the arbitrary ex- 
48,000 
Aus 
face area of a vessel. This is an example of arbitrary rule which 
the authors feel ean and should be replaced by a more practical 
and accurate expression. The absurdity of this expression may 
be brought out by equating the right-hand side to 20,000 Btu 
per sq ft per hr and solving for A, the area of a vessel for which a 
heat-input rate of 20,000 Btu per sq ft per hr would be recom- 

mended; thus : 


pression Q/A = as a relation between heat input and sur- 


48,000 
ie 20,000 
Avi = 24 


Al (2:4) 313. Sisquit 


This is equivalent to a vessel about 18 in. in diameter and 36 in. 
long. Our tests and fire experience indicate that 20,000 Btu per 
sq ft per hr may be expected up to areas of approximately 200 sq 
ft and 600 sq ft respectively. We, therefore, emphatically deny 
that this expression is reasonable. 

4 The reasons for basing relieving capacity on the free-dis- 
charge area of relief connections are detailed in the reply to the 
comments by Turner C. Smith. 
5 Mr. Maker is confused by the ‘‘contents factor.” The 
authors feel that they have been quite clear in stating that this 
factor may be calculated for each individual liquid to be stored 
or processed and have suggested two excellent methods of esti- 
mating latent heats of vaporization. However, we also feel that 
by use of the recommended general expression for the ‘contents 
factor’ in terms of pressure, one need not be concerned with the 
nature of material to be stored; and that not only is a factor of 
safety provided for, but also the cost of resulting vent nozzle 
is negligible compared to the cost of one which would be required 
for some particular liquid. 

6 Finally Mr. Maker suggests the procedure to follow in deter- 
mining relief areas, namely: 

1 Determine the amount of heat input. 

2 Determine maximum pressure of discharge. 

3 Determine the vaporization rate. 

4 Choose relief device to discharge vapor. 

This is precisely the method used by the authors as shown in 
the paper. 

Under item 1, we suggest 20,000 Btu per sq ft per hr, except 
for atmospheric tanks, as outlined in Part 3 of the paper. 

Under item 2, we use the code rule in the paper of 10 per cent 
greater than the working pressure for maximum discharge pres- 
sure. 

Under item 8, we determine the vaporization rate by use of the 
“contents factor.”’ 

Under item 4, we show a relaticn from which the minimum di- 
ameter of a circular relief area to discharge the vapor may be 
calculated. 

We still feel that an ‘‘all-embracing’”’ formula simplifies the 
problem for the host of equipment manufacturers and regulatory 
bodies who would need to go through these four steps, and that 
we are not trying to cover up any steps or introduce any irrele- 
vant factors which would give unreasonable relief connections. 

In answer to Mr. Maker’s general conclusion, which of course 
refers to pressure vessels, the authors wish to point out that, 
whereas the information supplied by the paper may lack in ap- 
plication to large-size vessels, the existing available information is 
seriously lacking in application to small-size vessels. 
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Repriy vo Discusston sy. F. L. Newcomp 


All of the actual fires used as a basis for the test of the curve 
described may not have been fires of great intensity. This com- 
mittee should have asked for information from other industries 
besides the petroleum industry. A number of cases were cited 
by the authors in which the existing design rate of 6000 Btu was 
found to be inadequate, to which cases reference is suggested. 

The only instance of a large tank being exposed, which sup- 
ported the recommended curve, was that given by Turner C. 
Smith as example c-2. The apparent fallacy in its application 
is described under the reply to Mr. Smith’s discussion to which 
attention is invited. 


Repiy to Discussion By R. C. Werner AND S. T. Russein 


The authors disagree with the tabulation of paragraph 6 and 
the statement of paragraph 7 in the comments by Mr. R. C. 
Werner and Mr. §. T. Russell, for the following reasons: 

1 The very physical construction of the fuel around the pro- 
pane cylinder would account for a variable heating rate on the 
wetted surface of the tank. As the wood is consumed and the 
fire bed lowers, the flame in the vicinity of the wetted surface 
would be more intense. 

2 Up to the time of vaporization, the heat-transfer process 
is in an unsteady state. Thus, the steel vessel which weighs 
about 1000 lb and the propane vapor in the vapor space absorb 
heat, but as the temperature of the steel shell rises the rate of 
heat absorption decreases. However, as the fire level drops, then 
a relatively steady state is reached in the transfer of heat to the 
boiling liquid and practically all of the heat absorbed by the wetted 
surface goes into vaporization of the liquid. The values 1530 and 


-8410 Btu per hr per sq ft in the tabulation are evidently based 


upon the rise in liquid temperature only, and this low rate of sensi- 
ble heat absorbed would be expected because of the mass of wood 
which surrounds the tank during the first few minutes of the fire. 

Since these critics doubt the accuracy of Fetterly’s test setup, 
as shown in Fig. 3 of the paper, the authors will be glad to dis- 
play further information on request, including photographs and 
the results of two other tests conducted by Mr. Fetterly, or the 
critics may refer to files of the Bureau of Explosives in New York, 
Nays 

In regard to the first point raised on the Underwriters’ Labora- 
tory tests, note that 461,000 Btu per hr (the heating rate at 1-min 
exposure) is still equivalent to 19,200 Btu per hr per sq ft. The 
chart shows that the plate heated from 65 F to 340 F in 1/. min, 


60 
which is a heating rate of about 122 0.12 X 275 X ak 


483,000 Btu per hr. The maximum heating rate must be higher 
than this and exists at the first instant when the plate is at its 
lowest temperature. When the plate is at 600F (the temperature 
at 1-min exposure), it is losing heat from the rear and absorbs 
heat at a slower rate because of its high temperature. 

The second point is rather abstract but actual observations of 
fires and the damage therefrom leave little doubt that air does 
exist in large areas so that combustion is complete enough to 
result in high temperatures. Reference may be made to the 
NFPA Handbook® on fire severity. Note also that a 3000-gal 
tank is not a small-scale tank but rather a commercial-process 
installation. 

The third point is provided for in Part 3 of the paper. We 
agree that large-size tanks will not receive heat at the same rates 
as small-size tanks. 

The comments on the Aluminum Company tests although 
lengthy are merely opinions of Messrs. Werner and Russell, and 
the authors of the paper do not grant that these opinions are 
superior to their own on these tests. 


DUGGAN, GILMOUR, FISHER—RELIEF OF OVERPRESSURE IN VESSELS EXPOSED TO FIRE 51 


In regard to Items 4, 5, and 6, under the test made by the 
authors, note that the heat available in the fuel for test No. 4 is 
only 28 per cent of the quantity available in test No.1. The two 
tests are, therefore, not comparable as far as determination of 
effect of water film is concerned. The emissivities for oxidized 
iron and steel, painted surfaces, and so on, are also reported as 
0.95 to 0.98. The figure of 0.96 for water is calculated. Very 
few commercial surfaces will maintain a low emissivity for a long 
period of time. é 

In the summarization paragraph, Messrs. Werner and Russell 
refer to a large-area oil fire. We wish to point out that such a 
fire would not be as intense as a large-area butadiene or acetone 
fire. Large storage tank and large-area fire are not defined. 
The authors have given consideration to various sizes of tanks 
in using the observed heating rates. 

It is the opinion of the authors that the summary state- 
ments of Messrs. Werner and Russell do not in any way detract 
from the observed heat-input rate of 20,000 Btu per hr per sq ft 
because: 


1 They have calculated the input rate to a dry plate of 
19,200 Btu per hr per sq ft (Underwriters’ Laboratory tests); 
and if they are correct in their emissivities of iron and water, run 
No. 1 of the authors’ tests would yield 25,900 * 75/96 = 20,200 
Btu per hr per sq ft. 


2 Damage to tanks and equipment in actual fires shows that 
vent sizes are too small whether they are venting air, vapor, or 
a combination of vapor and liquid. 


3 A tank surrounded by other tanks and equipment would 
present the same windshield effect in an actual fire. 


The authors would also point out that when human life is a con- 
sideration, it is customary to provide a factor of safety in the 
transposition of observed data to actual practice. For instance, 
in the design of pressure vessels a factor of safety of 4 or 5 is used. 
In view of the evidence of test data and the many cases of de- 
struction of equipment in actual fires it is difficult to understand 
why anyone would desire to interpret data on the low side, or to 
design for any but the worst conditions that can be conceived. 


Rep.Ly To Discussion BY WALTER SAMANS 


The type of constructive criticism received from Mr. Samans 
is appreciated. The authors are in agreement with most of his 
comments. The following reply is made to several questions 
which he raised: 

Mr. Samans feels that a heating rate of the order of one sixth 
of the observed rate (20,000 Btu) should apply to large atmos- 
pherie vessels. Solution of curve 3 in Fig. 18 of the paper will 
show that a rate, ranging from 5000 Btu at 300,000-gal capacity 
to 2300 Btu at 1,000,000-gal capacity, has been applied. 

It was said that the authors’ tests did not simulate fires in the 
open. This is true, as acknowledged, to an extent not great 
enough to affect materially the rate of heat absorption. The 
authors would point out that the test results were confirmed by 
five other independent organizations. 

The reasons for stating, ‘‘So far as can be learned, there is no 
substantial theory er evidence to support the limiting of heat- 
input rates to any particular height. There are some indications 
to the contrary, that is, high gas temperatures apparently exist 
at relatively great heights above the fuel during large fires,” 
will be found under the heading Flame Temperatures and 
Effective Height, near the end of Part 1 of the paper. In 
addition to the evidence there given, the authors have recently 
observed structural steel destroyed 30 to 40 ft above the liquid 
fuel. This was in the open and the structure was carrying only 
its own weight. The failures were the drooping type necessi- 
tating temperatures of at least 1000 to 1200 F. U 
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Repry to Discussion sy T. C. Smrre 


The following reply is made to specific quotations from Mr. 
Smith’s discussion: 

Mr. Smith’s Comment. “It has been difficult to understand 
why the authors have chosen to determine the pipe size required 
for the relief-valve connection rather than the orifice area of the 
valve. Commercial spring-loaded relief valves have an orifice 
area ranging from 25 to 30 per cent of the connecting-pipe area, 
hence it would appear that the orifice should be of primary con- 
cern and the inlet-pipe connection of secondary interest.” 

Quotation Pertaining From Authors’ Paper. ‘The relief ca- 
pacity is proposed in terms of area of the relief connection (or con- 
nections) because the designer is primarily interested in selecting 
an adequate fitting of standard size for the vessel to be con- 
structed, and because of the great variation in the capacity of 
commercial relief apparatus. This connection is ordinarily an 
inserted short tube with a square inner edge, somewhat rough 
from the standpoint of fluid flow. The relief device may after- 
wards be selected of a capacity (based on approved flow test) to 
pass the vapor rate of flow computed from relief area, as will be 
explained later.” 

Authors’ Additional Comment. To elaborate further, the 
authors point out that of many popular types of safety valves 
studied, capacities were found to vary from 14 to 60 per cent 
of the capacities of tank connections of the same pipe size. It is 
generally recognized that only those capacities for valves which 
are essentially free-blowing orifices (top guided, high lift) can be 
calculated readily with practical accuracy. Such valves are in 
the minority of the many types manufactured. To repeat, the 
necessary relief capacity can always be calculated in terms of 
free area of the relief connection, and the apparatus chosen of a 
capacity (based on approved flow test) to pass the calculated rate. 

The wide variation in the capacities of commercial relief de- 
vices and the questionable value of calculated capacities of valves 
which are not essentially free-blowing orifices will be obvious 
if reference is made to recent literature” on this matter. 

It is further believed that the relief apparatus necessary for 
fire exposure, in most cases, would be supplemental to the usual 
spring-loaded safety devices and would also be a more simple, 
inexpensive device of relatively large capacity. Reference is 
suggested to paragraph 5, Proposed Summary for Use, Part 2, 
of the paper. 

The method of specifying relief capacities in terms of free area 
is that shown in the “Proposed Tentative Standards: API 
Venting Guide” (May, 1940, p. 4). After Table 2, which 
gives the diameters of free areas with capacities, will be found 
the following statement in paragraph 7.1: “Certified capacity 
curves of venting equipment shall be based on flow tests con- 
ducted by commercial testing laboratories of institutions of 
recognized technical standing.’’ Further, in the “A.S.M.E. 
Code for Power Boilers’? (1940 edition, p. 108), will be found 
Table P-14 giving minimum total areas of openings (square 
inches) in fire-tube boilers for safety-valve connections. 

The authors, therefore, feel that they have followed a recog- 
nized and rational method in expressing relief capacities in terms 
of free area. 

Mr. Smith’s Comment. ‘Also, consideration should be given 
to replotting the curves of ‘contents factors’ with the term 
‘pressure’ incorporated in the equation. This will permit a series 


4 “Safety Valve Capacity Tests’ (in accordance with the rules 
formulated by the A.S.M.E. Boiler Code Committee), National 
Board of Boiler and Pressure Vessel Inspectors, Columbus, Ohio, 
1940; ‘‘Steam Flow Through Safety Valves,” by E. K. Falls, Ohio 
State University, Columbus, Ohio, 1942; and “Safety and Relief 
Valves for Refrigerants,’’ by E. K. Falls, Refrigeration Engineering, 
April, 1943, p. 257. 
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of charts, each consisting of a family of curves for various groups 
of contents.” 

Authors’ Reply. This comment is not fully understood. It 
will be seen, in Fig. 12 of the paper, that the contents-factor 
values were plotted against pressure. No attempt was made to 
plot values for a substantial percentage of the numerous com- 
pounds but only for those considered representative and for 
which latent-heat data were directly available in the literature 
referred to in conjunction with Fig. 12.° It is believed these are 
sufficient for the purpose of showing the method of solution and 
illustrating the value of simplification. 

If a series of charts, consisting of values for families of com- 
pounds, were made, the present worth of Fig. 12 would be further 
enhanced. When trial solutions were made for numerous other 
compounds, the contents-factor values were found to be within 
the range of those now shown on the graph. ‘Their use in indi- 
vidual cases would result in numerous vent sizes adequate only 
for materials of like properties at the same condition.” No 
different pipe-size relief connections other than those shown in 
Table 2 would result. 

To emphasize again; the suggestion of a simplified value of 
the contents factor varying with pressure “in no degree nullifies 
the value of Equation [9] in calculating the required relief di- 
ameter directly for any contents.” 

Mr. Smith’s Comment. ‘“The authors present heat-input rates 
ranging from 20,000 to 30,000 Btu per hr as obtained from three 
different sets of tests.”’ 

Authors’ Reply. Described and analyzed in Part 1 of the paper 
are tests by four (not three) separate organizations; seven tests 
in all. In the “Conclusion” of Part 2, further confirming 
tests by another company are referred to; while, in addition, 
four accidental fire exposures are pointed out as having supported 
the test data. 

In the supplementary remarks to this paper made at Los 
Angeles on June 17, 1943, the authors cited one further test and 
one further actual example. The paper thus had for its practical 
basis the analysis and development of 10 man-made fire-exposure 
tests by six separate organizations and 5 actual cases confirming 
the test data. At this time, 6 additional failures due to fire 
exposure are being studied for further data. 

Mr. Smith’s Comment. “The speaker hastens to correct any 
doubts, on the deficiency of these venting rules, or impressions 
that this subject has been or is being neglected by groups en- 
gaged in the initial drafting of safety standards.” 

Authors’ Reply. arly in Part 1, and again near the end of 
Part 2, the authors explained that the existing proposals for 
emergency venting were found to be inadequate. We believe this 
evidence to be convincing and will not repeat or elaborate on it 
here, but further explanation will be given in supplementary 
remarks. No inference was made that the subject was being 
neglected, but it was stated that the necessary information could 
not be obtained from the regulatory bodies. The following are 
quotations from a letter dated November 7, 1942, from the 
engineering office of one of the regulatory bodies in reply to our 
inquiry for information on the subject of rates of heat absorption 
during fire exposure: 


The subject of emergency relief of internal pressure was headed up 
some twelve to fourteen years ago in the NFP A Committee on 
Flammable Liquids when the API Committee on Fire Prevention 
undertook to make studies and recommendations for inclusion in 
the NFPA Suggested Ordinance. 

One of the first steps was a theoretical study along the lines of the 
enclosed, ‘The Rates of Vaporization in Gasoline in Storage Tanks 
Exposed to Fire,’ which was ultimately used as the basis for the 
typical bulk marketing tank of approximately 20,000 gallons ca- 
pacity. There was a constfsus among our fire prevention engineers 
that for such a tank we might reasonably expect absorption of heat 
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energy at the rate of 100 Btu per minute per square foot of wetted 
surface. 

More recently there have been fragmentary data which indicated 
much higher heating rates than 6,000 Btu per square foot per hour 
for the entire wetted surface of smaller tanks such as tank truck com- 
partments. These data encouraged me to suggest a variable heating 
rate such as that represented by the red line on the chart. One oil 
company has recommended the use of this assumption in the form of 
the equation 

48,000 
h = Aus 
where h = heat absorbed to cause evaporation—Btu per hour per 
sq ft. 

A = external area of vessel. 

We are lacking in data on larger tanks but there seems to be a 
general feeling among fire protection engineers that this assumption is 
reasonably safe, particularly for the larger sized tanks. 


This letter is typical of the replies of other authorities on the 
subject, and this lack of data led to the independent study in an 
attempt to solve our own problem. 

Mr. Smith’s Comment. “The National Board of Fire Under- 
writer’s rule was based upon a modification of Fetterly’s formula, 
using a flame temperature of 1200 F for tanks having a capacity of 
10,000 gal or less, and 1000 F for tanks of 30,000 gal ca- 
pacity or more, with adjusted temperatures for tanks of inter- 
mediate capacity. The heat input by this rule will vary between 
23,000 and 13,000 Btu per sq ft per hr.” 

Authors’ Reply. If this reference (the last sentence quoted) is 
intended to apply to Fetterly’s formula, it is not in agreement 
with the figures (“‘these values are not questioned’’) to be found 
under the heading Analysis of Fetterly’s Formula and Test, 
in Part 1 of the paper, where Fetterly’s work is analyzed and 
compared with present-day theory. There is shown the figure 
of 14,500 Btu per hr per sq ft of wetted surface for an effective 
flame temperature of 1200 F, and for 1000 F temperature, 8100 
Btu will result. ; 

Mr. Smith’s Comment. The authors’ paper was severely criti- 
cized for proposing a solution for large vessels without giving 
actual data on large-scale fire exposures. It should be noted 
that Mr. Smith cites only one large-scale analysis, which is as 
follows: 

Example: ‘‘(c-2) Approximately 2300 Btu per hr per sq ft ona 
sphere having a wetted surface of 4863 sq ft. This was a 48-ft- 
diam sphere subjected to a severe fire for 1 hr 7 min. At times 
the vessel was completely enveloped in flame. The relief valves 
were adequate and prevented failure of the sphere.” 

Authors’ Reply. The report of this same case, dated June 5, 
1941, was received from one of the eastern refiners on November 
6, 1942. In it will be found that the vessel was surrounded by 
fire for only 10 min. The result of 2300 Btu per hr per sq ft was 
the average for 1-hr exposure. Maximum rates of heat ab- 
sorption may, therefore, have been 6 times as great (13,800 Btu) 
for which the relief devices should be adequate in order to limit 
the pressure rise. This is an excellent example but its maxi- 
mum and not average values should be used as guidance toward 
safety. 

As explained in Part 3 of the paper, it is expedient for practical 
reasons to lower the design heat-absorption rates for large at- 
mospheric vessels. The vessel described contained 6000 bbl. 
When a solution is made of Equation [24] from curve 3, Fig. 18, 
of the paper, for a tank of this capacity, a heat-absorption rate of 
3670 Btu per hr per sq ft of wetted surface results. This com- 
pares favorably with 2300 Btu average when it is.considered that 
both are arbitrary assumptions, but the authors would use a 
much higher rate for the hazardous and expensive sphere under 
consideration in accordance with Part 2 of the paper. 

For further evidence to support this reasoning, the authors 
have observed 17-ft-diam > 19-ft 4!/,.-in-high aluminum tanks 
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completely surrouned by fire and melted down in a matter of a 
few minutes. This metal had a melting point of 1216 F. An 
effective temperature of this magnitude is commensurate with 
a heat-absorption rate of 15,000 Btu per hr per sq ft. Actual 
effective hot gas temperatures were probably higher than 
1216 F. 


Repty To Discussion spy H. R. Zeia_er 


In the paper we tried to avoid the discussion of relief devices, 
their relative merits, ete. Suggestions were, therefore, confined 
to relief areas or relief connections, and their calculated ca- 
pacities. Mr. Zeigler’s statements, ‘‘One novel suggestion is that 
relief valves be made the same size on all vessels of the same ca- 
pacity and pressure,” and “. . . it is mecessary to point out that this 
is based on the assumption that tanks should be equipped with 
relieving devices of sufficient capacity to promote interchange- 
ability,” are misinterpretations, We did say: “It being pro- 
posed, as already inferred, that the relief connection be the same 
size on all vessels of given capacity and range of working pres- 
sure. When equipment is so provided with adequate relief area 
for volatile compounds in the form of relief connections, the relief 
devices may be replaced to provide for any change in contents or 
more severe working conditions from the standpoint of relief 
requirements.” We feel that the relief apparatus should be 
selected to pass the calculated vent rate at the same conditions, 
and this choice will govern its size. This procedure is given in 
the section Proposed Summary for Use, of Part 2. 

We were not aware that the National Board of Fire Under- 
writers’ Pamphlet No. 58 applied to processing and storage equip- 
ment other than that for liquefied petroleum gases. We have 
used specifications for relief requirements from Pamphlet No. 30 
but not from No. 58. For that reason we do not know and did 


not say that the relief areas in No. 58 are inadequate. 
plotted specifications from the latter for comparison. 

It is unfortunate that it appeared we were trying to prove the 
inadequacy of Fetterly’s formula. As a matter of fact, the evi- 
dence indicates that his method has given more accurate resulte 
than any other. With a given latent heat (not calculated by 
L = 0.185 T (V1—-V2) dP/dT as he proposed) and for low 
pressures, our formula gives relief areas only 10 per cent less 
than Fetterly’s. This comparison will be found plotted in Fig. 10. 
Fetterly’s heat-absorption rate of 22,600 Btu per hr per sq ft is 
based on the vaporization of 1000 lb of propane taking place in 
the observed time of 5.9 min. The other figures are merely cited 
to support this rate, and it will be noted that there is reasonable 
agreement among them. This analysis was mailed to Fetterly 
for criticism but no reply was received. 

Finally, the magnitude of the observed rate (20,000 Btu) of 
heat absorption is the principal contention. This is a long story 
about which we and our critics have written many pages. It 
may be pointed out that rates as high as 20,000 Btu have been 
confirmed by five other organizations besides ourselves. A num- 
ber of critics are in agreement on this figure except for large 
vessels. A summary of the tests and experience on which the 
20,000 Btu rate and 1400 F effective temperature are based has 
been published.*® Further, it may be noted that the average 
rate for our four tests was 19,688 Btu per hr per sq ft at an 
average temperature for the flame of 1357 F (820 C being 1508 F). 

We are confident that future tests and analyses of vessels ex- 
posed to accidental fire will prove the proposed heat rate to be 
of the correct magnitude. 


We merely 


4 “Venting of Tanks Exposed to Fire,” by J. J. Duggan, C. H. 
Gilmour, and P. F. Fisher, National Fire Protection Association Quar- 
terly, October, 1943. 


W ood-Cloth and Wood-Paper Laminates 


By JOHN DELMONTE,! LOS ANGELES, CALIF. 


A growing tendency exists for the use of wood and resin- 
impregnated cloth or paper, which is an outgrowth of 
laminated - plywood developments. Combinations of 
cloth and paper with wood, in addition to serving as 
yehicles for the bonding glue in the manufacture of the 
laminates, also help stabilize the wood assemblies and pro- 
vide structural advantages, as demonstrated by test data 
given in the paper. For example, when a reasonably large 
number of paper laminates are used, there is an apparent 
increase in the tensile properties of wood, attributable to 
prestressing of the wood resulting from differences in 
coefficients of thermal contraction as parts are cooled upon 
removal from the press. Dimensional] stability in plywood 
faced with phenolic-resin-treated cloth and paper is found 
to be far superior to unprotected plywood. 

A ments and Jaminated-plastic-material developments is a 

trend toward intermediate products combining wood and 
resin-impregnated cloth or paper. While it will be acknowl- 
edged that there are applications best served by wood alone or 
other applications best fulfilled by plastics materials, there are 
various properties developed by their combination that are not 
possessed fully by either material itself. There are not many 
evidences as yet of extensive adaptation of resin-impregnated 
cloths or papers with wood although a few are in the process of 
development for aircraft applications. 

Examining the fundamental properties of wood, one will admit 
its superior advantages of low cost, light weight, and high 
strength although he will also recognize its anisotropic tendencies 
and susceptibility to moisture. Plywood developments were a 
logical evolution in that they balanced physical properties more 
evenly and reduced the effects of swelling. However, while resin- 
bonded plywoods were a step in the right direction, even these 
have not always possessed the necessary dimensional stability re- 
quired of aircraft materials, in spite of synthetic-resin bonding 
agents, such as phenol formaldehyde, urea formaldehyde, and 
melamine formaldehyde. Elaborate finishing schedules offer 
some measure of protection to the plywood, but even these are 
beset by numerous practical problems (1).? 

The most noteworthy developments for stabilizing plywood 
have been suggested by the Forest Products Laboratory (2, 3) in 
their publications upon resin-impregnated wood. This well- 
known technique involves a procedure of impregnating thin wood 
veneers with a water-soluble phenolic resin and curing the resin 
in the veneer by heat alone (Impreg), or by combination of heat 
and pressure (Compreg). Approximately 30 per cent resin dif- 
fused into the cell walls of the wood fibers has resulted in a de- 
cided improvement in wood-stabilizing characteristics, par- 
ticularly against swelling effects of moisture. What few objec- 
tions have been raised against these techniques include the fol- 
lowing: 


NATURAL consequence of laminated-plywood develop- 


1 Technical Director, Plastics Industries Technical Institute. Mem. 
A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at end of paper. 

Contributed jointly by the Rubber and Plastics Group and Aviation 
Division and presented at the Semi-Annual Meeting, Los Angeles, 
Calif., June 14-17, 1943, of Tom American Society or MECHANICAL 
ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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1 Increase in density without a substantial gain in strength. 

2 Added difficulties in performing secondary gluing opera- 
tions in aircraft as compared with unimpregnated plywood. 

3 Problems of obtaining proper impregnation and its deter- 
mination. 

Also to be noted are the developments of superpressed plywood 
and multiple-phenolic-resin films which increase the ratio of 
resin to wood (4). High laminating pressures above 1000 psi 
have been employed to increase the penetration of resin into the 
wood. The cardinal advantage of this process is the development 
of superior shear strength in the plywood, which greatly increases 
for a slight increase in density. On the other hand, the rate of in- 
crease of tensile strength and compressive strength over density 
is only slight. This development is also significant in the tech- 
nique of increasing resin content by adding multiple layers of 
phenolic-resin film, a procedure which would be unnecessarily 
prolonged if spraying were resorted to. 

Both of these fairly recent developments in stabilizing plywood 
have taken into account the advantages of increasing the ratio 
of synthetic resin to wood in order to stabilize the wood. Ordi- 
nary synthetic-resin-bonded aircraft plywood contains any- 
where from 10 to 25 lb per 1000 sq ft of dry-glue spread sufficient 
for good bonding, high shear strength, and good water resistance 
at the glue lines only. 

The combinations of resin-impregnated cloth and papers with 
wood fulfill more than the function of vehicles for the glue; they 
also help to stabilize the wood assembly as well as make possible 
structural advantages as various test data disclosed in this paper 
will reveal. In addition, the wood-cloth and wood-paper lami- 
nates make possible more complicated assemblies and construc- 
tions, difficult with plywood alone. 


PuysicaLt Test ConpIrions 


Unless stated otherwise the various physical tests reported 
upon in this paper were performed upon wood-cloth or wood- 
paper laminates which had been conditioned at 50 per cent 
relative humidity for at least 48 hours in order to realize approxi- 
mately 10 per cent moisture in the wood. Tests were performed 
under prevailing atmospheric conditions which, for the most part, 
were at room temperatures of 70 to 80 F, and relative humidities 
of 35 to 45 per cent. All tensile tests and flexural tests followed 
A.S.T.M. Standards for flat sheets of plastics materials (5). 
Specific-gravity determinations were made by measuring the 
volume of accurately machined samples and dividing this value 
into the weight. The moduli of elasticity reported were ob- 
tained by the simple cantilever-beam technique. This method is 
described elsewhere in its adaptation to plastics materials (6). 


Test LAMINATES 


The following laminates were prepared for physical tests and 
tests of dimensional stability under extremes of moisture condi- 
tion. In Groups I and II the base material was standard-air- 
craft-grade 3-ply vertical-grain plywood with two birch faces and 
poplar core. 


Group I: 
(A) Plywood base, two birch faces, poplar core; over-all thickness 


0.106 in. 


(B) Resin-impregnated paper,* 2 layers on each face of plywood- 
base core (A) 
(C) Resin-impregnated paper,* 5 layers on each face of plywood- 


base core (A) 
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(D) Resin-impregnated paper,’ 10 layers on each face of plywood- 
base core (A) 

* Consolidated Water Power & Paper Company; 
content, 35 per cent. 

Norz: Group I samples were laminated at 250 psi for 10, 15, and 


20 min at 310 to 320 F, for increasing layers of paper. 


phenolic-resin 


Group II: 

(A) Plywood base, two birch faces, poplar core; over-all thickness 
0.106 in. 

(B) Phenolic-resin-impregnated canvas,’ 1 layer on either face of 
plywood-base core (A) 

(C) Phenolic-resin-impregnated canvas,” 2 layers on either face of 
plywood-base core (A) 

(D) Phenolic-resin-impregnated canvas,” 5 layers on either face of 


ply wood-base core (A) 


69-oz canvas duck, phenol-formaldehyde impregnating resin 
yarnish (BV-1115), 38 per cent resin content. 
Nore: Group II samples were laminated at 250 psi for 20, 25, and 


30 min at 310 to 320 F for increasing layers of cloth. 


Group III: 


(A) Three-ply bireh veneer, 0.032 in. thick, core cross-grain; 
phenolic-resin bonding agent, PR-14 (Amberlite) 
(B) Similar to (A) except 2 phenolic-resin-impregnated papers 
added between each ply 
(C) Similar to (A) except 5 phenolic-resin-impregnated papers 
added between each ply 
Norte: Group III samples were laminated at 250 psi, and 325 F for 
15 min. Plywood shear tests were performed in accordance with 


AN-NN-P-511b Army-Navy Specification for Plywood and Veneer, 
dated October 28, 1942. 
Group IV: 
Two parallel-grained birch veneers, 
which are laminated: 


1/;,im. thick, between 


(A) 1 phenolic-resin-impregnated paper 

{(B) 5 phenolic-resin-impregnated papers 

{C) 10 phenolic-resin-impregnated papers 

{D) 20 phenolic-resin-impregnated papers 
Group V: 


Two cross-grained birch veneers, 1/15 in. thick, between which 
are Jaminated: 


(A) 1 phenolic-resin-impregnated paper 

(B) 5 phenolic-resin-impregnated papers 
(C) 10 phenolic-resin-impregnated papers 
(D) 20 phenolic-resin-impregnated papers 


Nore: Groups IV and V were laminated at 250 psi and tempera- 
ture of 320 F for 20 min (A and B), 25 min (C), and 30 min (D). 


Resutts oF Tests oN PuysicaL PROPERTIES 


The results of tests on the laminated assemblies may be divided 
into two groups, i.e., physical properties and dimensional stability 
under extremes of moisture conditions. The physical properties 
are presented first. 

Results of physical tests upon Group I and Group II laminates 
are shown in Table 1. In order to keep variables to a minimum, 
laminating pressures of 250 psi are employed for these laminates 
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Data reported for the straight plywood (10 per cent moisture) 
compare favorably with those reported in other publications 
(7). The most obvious improvement in physical properties is 
apparent in the wood-paper laminates (Group I). Not only are 
values of the tensile strength and modulus of elasticity decidedly 
improved but also the specific tensile strength, which is equal to 
the ultimate tensile value divided by the specific gravity. These 
improvements are due largely to the excellent properties of the 
phenolic-resin-impregnated paper employed in conjunction with 
the plywood. 

Manufacturers’ specifications for laminates of paper alone at 
250 psi are as follows: 

Ultimate tensile strength (with grain) 36,000 psi 

Modulus of elasticity (with grain) 3,000,000 psi 

Specific gravity, 1.38 

Water absorption, 6 per cent (24 hr) 

Unless indicated otherwise the test data of this report were 
obtained in a direction parallel to the grain of the impregnated 
paper. It was further observed that properties for the straight 
laminated paper decreased somewhat (tensile strength at 
33,000 psi, for example), when the material was conditioned for 
several days at 50 per cent relative humidity. It was pointed out 
earlier that all the wood laminates were conditioned in this 
manner. 

Table 1 also reports the stiffness factors (H X J) for the various 
laminates assuming, for purposes of comparison, a constant panel 
weight of 0.5 lb per sq ft and then estimating moments of inertia 
from 


ee 
12 
~where b = Lin. 
h = thickness which at specific gravity indicated in Table 
1 will give 0.5 Ib per sq ft 
I = moment of inertia. 


Plywood faced with a few sheets of impregnated paper shows 
slight gains in the stiffness factor. While plywood faced with 
resin-impregnated canvas does not register the gains shown for 
the wood-paper laminates, the data nevertheless demonstrate the 
versatility of plastic materials in securing moduli of elasticity 
at very much lower values than with plywood alone. To the 
stress engineer this suggests decreased stiffness factors, but to the 
fabricator of compound curvatures it suggests an easier material 
to fabricate plus the added advantage of better dimensional 
stability under adverse weather conditions. 

The load distribution within the various components of wood- 
cloth and wood-paper laminates are basically dependent upon 
the moduli of elasticity of the different components. For pure 
tension and pure compression it is obvious that 


as well as the others. This pressure likewise is not too far re- ee Si: _ 82 
moved from those employed in rubber-bag-molding operations. iit ares 
TABLE 1 PHYSICAL PROPERTIES OF SOME CLOTH-WOOD AND PAPER-WOOD LAMINATES? 
A B B/A 
Ultimate Specific Ratio of resin 
/ tensile tensile Modulus of Stiffness to inert 
; Speeific strength, strength, elasticity, factor,} material, © 

Laminated assembly gravity psi psi psi EXI per cent 
Laminated phenolic (canvas). ....... 0.0... cst eet ce ree eeeaes 1.33 17500 13200 1080000 34 38 
Ply wood (birch faces; poplarcore) si) sonny ns eee ee os eae 0.74 13680 18500 1780000 326 0 
Plywood, faced with 2 layers phenolic-resin-treated paper........ 0.76 13250 17500 2250000 381 4.1 
Ply wood, faced with 5 layers phenolic-resin-treated paper........ 0.86 15270 17700 2250000 264 8.1 
Plywood, faced with 10 layers phenolic-resin-treated paper........ 0.93 19000 20400 2320000 211 15.2 
Plywood, faced with 1 layer phenolic-resin-treated canvas........ 0.82 11800 14400 1225000 163 6.3 
Plywood, faced with 2 layers phenolic-resin-treated canvas....... 0.92 11600 12600 1228000 115 15.6 
Plywood, faced with 5 layers phenolic-resin-treated canvas....... 1.08 11500 10600 1040000 61 24.7 


© Prepared at 250 psi. 
+ Based on weight of 0.5 lb per sq ft. 
© 35 per oent phenolic resimim paper; 38 per cent phenolic resin in canvas. 


\ 
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TABLE 2 RESULTS OF SHEAR TESTS ON PLYWOOD? 
Dry shear tests 
(average of 5 tests), 
Plywood combination psi Results 
3-ply birch, resin alone as bond...................- 637 95-100 Per cent wood 
“ ‘ failure 
3-ply birch, resin plus two layers of 
impregnated paper in each glue line.............. 577 Approximately 70 per cent 
; failure in paper 
3-ply birch, resin plus five layers of 
impregnated paper in each glue line.............. 542 Approximately 70 per cent 
’ ; failure in paper 
Specifiestion allowance =<. -.1st wieie ayevenis satan sete tee 400 
@ 3-ply, all birch, !/32-in-thick veneers. 
Nore: Adhesive, phenol-formaldehyde resin (Amberlite PR-14). Additions to adhesive, phenolic- 
resin-impregnated paper (Consolidated Water Power & Paper Company). Test specification, AN-NN-P- 
511b (Army-Navy Aeronautical Specification Plywood and Veneer). 
TABLES PHYSICAL SONG OF GROUPS IV AND V from the excellent properties of the paper employed. As in- 
{innate Modulus of dicated earlier, the ultimate tensile strength of this particular 
aera tensile eae ee laminated paper alone is 36,000 psi, after dry conditioning, and 
6 81 s1 . . =]: aon, . 
Parallel grain birch: about 33,000 psi after 50 per cent relative-humidity conditioning. 
Faces 1, impreg; paper core............ 20100 1600000 It is significant, however, that the increase in tensile strength 
aces 5, impreg; paper core............ 22970 1850000 3 : iti 
Raves 10, bape Siete 54490 3050000 of the wood is greater than would be expected upon the addition of 
sinc 2o impregi» paper core......-... 29400 2400000 the paper. This is illustrated on the right-hand side of Fig. 1. 
/YTO8S- : . . 
Faces 1, impreg; paper core............ 3220 137000 In other words, assuming constant tensile strength for the 
oon $ paper core... 0. ssn. - 7640 170000 ‘ F 
Fac 10 iapreg: Gener Se eT 12300 ines laminated paper, the apparent strength of the wood increases 
Faces 20, impreg; paper core............ 17670 491000 with greater amounts of impregnated paper. These data were 
obtained, for pure tension, as follows: 
where 6 = unit deformation in composite assembly of material 
No. 1 and material No. 2 Tomtaban= nha ="ASi Ht, Aas: 
4 ue S = ce — a U ee ‘ we where P; = portion of load carried by impregnated paper 
eet ee tery ANNO. © aReNO: P, = portion of load carried by wood veneer 
Likewise, for calculating stress at any point within the plywood A, = cross-sectional area of paper laminate 
panel, the formula developed for straight plywoods (8) may be A: = cross-sectional area of wood veneer 
applied to cloth-wood and paper-wood laminates, considering the Si, = stress intensity in paper laminate 
layers of paper or cloth in the same category as a layer of waod S, = stress intensity in wood veneer 
veneer P = total load 
gs E, M,C Using the foregoing formula and calculating load distribution 
sa RN f A for increasing amounts of paper laminate, the increase in P could 
not be accounted for solely by the increase in high-strength- 
where S; = stress in layer or laminate in question paper content. However, it is possible that thermal-expansion 
E;, = modulus of elasticity of that laminate alone coefficients vary and upon removal of the laminate from the hot 
Mp = bending moment at point in question plates of the press, the wood veneers were under initial stress due 
C = distance from neutral axis to layer or laminate in to greater shrinkage of the laminated phenolic-paper layer upon 
question cooling. Then 
Ep = apparent modulus of entire plywood panel (see 
Table 1) P= Aj,S, + AS: + KE2A2 
Po eomienent of mnortin of exiae niyaced panel where K = unit deformation due to thermal-expansion differ- 
ence during manufacture 
Group III laminates were prepared largely with the idea of HE, = modulus of elasticity of wood veneer 


observing the effects of impregnated paper upon the shear 
strength of plywood. Samples were cut in accordance with the 


) Army-Navy Aeronautical Specification for plywood and veneer 


(9) and tests performed as required. Results of these tests, dis- 
closed in Table 2, demonstrate that all the plywood samples with 
and without impregnated papers at the glue line, passed the 
minimum requirements of the specification. However, there was 
a small, but definite decrease, in shear strength with an increase 
in paper content. This was occasioned by the appearance of 
paper failure which was marked by a separation of the fibers of 
the paper. Dry shear tests were performed upon five samples for 
each reading record in Table 2, after 48 hr conditioning at 50 per 
cent relative humidity. 

Groups IV and V laminates serve the purpose of revealing fur- 
ther fundamental data on the co-relationship of paper and wood. 
While the plywood-paper samples prepared are unbalanced in the 
sense of uniform grain direction for the wood, without the 
benefit of cross-plies, results on the load distribution within the 
wood and impregnated paper are interesting. In Fig. 1, the 
marked increase in tensile strength, for example, is to be expected 
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In Table 3, are reported physical properties of Groups IV and 
V laminates after conditioning at 50 per cent relative humidity. 


ReEsuts oF Tests ON DIMENSIONAL STABILITY 


The effects of moisture gradients upon wood laminates are to 
bring about severe dimensional distortion. | While the develop- 
ments of synthetic-resin adhesives for the glue lines have created 
the so-called “‘waterproof” plywood, in the sense that shear 
failures would no longer be due to deterioration of the glue line 
the resin adhesives will not protect the wood structure itself. 
Faced with very large tangential and radial shrinkage in all wood 
veneers, plywood manufacturers are ever concerned with the 
avoidance of warping and distortion in plywood panels. Much 
care is necessary in preconditioning the wood veneers to uniform 
moisture content, and then in afterconditioning to compensate 
for loss of moisture in hot-pressing or the introduction of moisture 
from the glue. 

As pointed out earlier, synthetic-resin impregnants have 
stabilized wood by greatly reducing the effects of moisture. 
Some stabilization is achieved by facings of impregnated canvas 
and impregnated paper on the outside of the plywood core 
(Groups I and II laminates) by creating a moisture barrier. 
The effectiveness of phenolic-resin-impregnated paper and cloth 
in stabilizing plywood may be determined by means of a test 
designed to measure distortion in plywood upon exposure to se- 
vere moisture gradients. 

As shown in Fig. 2, one side of a plywood test sample was 
coated with a metal face, 1 mil in thickness, which extended up 
the sides of the test sample, excluding moisture from all surfaces 
except the top surface. Upon placing the plywood sample in a 
pan of water, immediate deformations are apparent as the ply- 
wood fibers in direct contact with the water begin to swell. This 
swelling or distortion in the 5-in. test length is measured with a 
depth gage, as shown in Fig. 2. Results are clear-cut and com- 
parisons may be made in a short period of time, without any delay 
being necessitated for the less-significant percentage of water 
absorbed. 

All test samples were conditioned at 50 per cent relative 
humidity for at least 48 hours prior to test, and distortion is less 
than would have occurred if the materials were started from a per- 
fectly dry condition. However, the interest lies largely in the 
comparative results. 

Data shown in Figs. 3 and 4 illustrate the distortion in ply- 
wood as a function of time. It is quite obvious that resin-treated 
papers and cloth greatly improve the dimensional stability of 
plywood by retarding the effects of moisture. The distortion 
curve for plywood alone demonstrates a peak value, indicative 
that moisture has diffused through the plywood and that the 
fibers nearest the protective metal foil have begun to swell 
counteracting the swelling on the exposed side. When the test 
is carried out for a long period of time the distortion in the ply- 
wood is largely recovered. 

For purposes of comparison, the more conventional A.S.T.M. 
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tests were performed upon plywood faced with one and two lay- 
ers of phenolic-resin-treated canvas. Pieces which were dry- 
conditioned measured 1 in. X 3 in., the sides being protected 
against moisture by metal foils. The results follow: 
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Water absorbed (in 24 hr), 


Material per cent 
Plywood faced with one phenolic-resin- 
AEGAECO CAL AR tr fost es Ore ole aca diet Oona cae 8.4 
Plywood-faced with two phenolic-resin- 
PARLE) CANVAS ater ears titers sold ort Oars sone 3.1 


As may be suspected, the plywood distortion in moisture may 
not be attributed to the plywood alone, but also to the resin- 
impregnated canvas and paper. This is borne out by the dis- 
closures in Fig. 5 which show distortion of laminated canvas and 
laminated paper when they are brought in contact with water as 
shown in Fig. 2. 

That some of the combinations with plywood show even lower 
distortions is explained by the greater over-all thicknesses of these 
assemblies. 


CoNCLUSIONS 


It is apparent that there are physical advantages to be realized 
from the combinations of resin-impregnated paper and cloth 
with plywood; particularly for the high-strength paper em- 
ployed in these tests. There is some evidence that when a rea- 
sonably large number of paper laminates are present there is an 
apparent increase in the tensile properties of the wood attribut- 
able to prestressing of the wood brought on by differences in 
coefficients of thermal contraction as parts are cooled upon re- 
moval from the press. 

While resin-impregnated canvas did not add greatly to the 
physical properties of the plywood, the molders and fabricators of 
plywood parts would do well to recognize the benefits of canvas 
in its stretchability, allowing the attainment of smaller radii of 
curvature and a certain amount of drawing impractical in wood 
alone. This would suggest the usefulness of phenolic-resin-im- 
pregnated canvas in fulfilling discontinuities in a cloth-wood 
combination. 


Dimensional stability in plywood faced with phenolic-resin 
treated cloth and paper is far superior to unprotected plywood- 
This advantage alone should suggest to manufacturers of air- 
craft plywood that a few facings of impregnated paper or cloth 
would improve the qualities of their products. 
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Superchargers for Aircraft Engines 


By R. G. STANDERWICK! anv W. J. KING,! WEST LYNN, MASS. 


This is a comprehensive treatment covering the develop- 
ment of turbosuperchargers, which today are making pos- 
sible the outstanding performance at high altitudes of 
United States military aircraft. The basic function of 
supercharging is to increase the intake-manifold air pres- 
sure in an engine, as a result of which the primary objec- 
tives are attained of (a) maintaining full (rated) power at 
altitude; (6) increasing power at sea level; (c) improving 
fuel economy for cruising. Fundamental design con- 
siderations cover the means for accomplishing these ends, 
with some indication of the power requirements, tempera- 
ture effects, and the like. Types of superchargers are dis- 
cussed, and their systems of drives, and then particular 
attention is devoted to the General Electric turbosuper- 
charger, as used on the Boeing Flying Fortress, Consoli- 
dated Liberator bomber, and Lockheed Lightning, and 
Republic Thunderbolt pursuit ships. Final sections of 
the paper are concerned with a comparison of various types 
of superchargers, and the present and future prospects for 
this most important aircraft-engine auxiliary. 


FUNDAMENTALS OF SUPERCHARGING 


HE basic function of supercharging is to increase the in- 

take-manifold air pressure in an engine. This has two im- 

mediate results; (a) the density of the charge forced into 
each cylinder is increased, and (b) a favorable excess or differential 
is maintained in the intake manifold pressure with respect to the 
exhaust back pressure. These two effects are utilized to accom- 
plish the primary objectives of supercharging aircraft engines, 
as follows: 

1 To maintain full (rated) power at altitude. 

2 To increase power at sea level (“ground boosting’’). 

3 To improve fuel economy for cruising. 

A further effect of supercharging, which is beneficial in each of 
these respects, is to promote fuel vaporization and uniform distri- 
bution of mixture to the individual cylinders. 

In order to appreciate the nature of the problem, in reference 
to these objectives, it is first necessary to take account of a few of 
the elementary relationships underlying the performance of 
present-day aircraft engines. 

Other things being constant, the indicated horsepower de- 
veloped in an engine is directly proportional to the mass rate of 
air consumption (as pounds per minute). For a given speed this 
means that the power is proportional to the density of the air, 
which is a function of its pressure and temperature. As a fairly 
close approximation (1),? the brake horsepower of an engine 
varies directly with the absolute pressure, p, and inversely as the 
square root of the absolute temperature, 7’, of the carburetor inlet 
air, as expressed in the formula 
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1 Supercharger Engineering Division, General Electric Company. 
2? Numbers in patentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation Division and presented at the Semi- 
Annual Meeting, Los Angeles, Calif., June 14-17, 1943, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


where the subscripts 0 and 1 refer to standard sea-level and alti- 
tude conditions, respectively. 

Altitude Effects. Fig. 1 shows how these factors vary with alti- 
tude in a representative modern aircraft engine, except unsuper- 
charged, using standard N.A.C.A. atmospheric data (2). A 
glance at this should suffice to indicate the occasion for super- 
charging military-airplane engines, where it is so vitally: impor- 
tant for the engine to be capable of developing its full power at 
any level within its altitude range. 

The significant fact here is that by the application of a suitable 
supercharger the same engine which gave less than 30 per cent 
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of its full power at 30,000 ft can be made to deliver 100 per cent 
power all the way from sea level to that altitude, and beyond. 
With proper attention to such factors as propeller design, pro- 
peller and engine speeds, and type of supercharger, it is further 
possible to maintain substantially the same fuel-consumption 
rate (pounds per horsepower-hour) at altitude as at sea level. 

These two facts have a direct bearing upon the curves in Fig. 
2, which shows the variation in the speed of a given airplane with 
altitude, if the engine power output can be held constant. This 
chart is calculated from theory and assumes constant propeller 
and airplane efficiency. Under these conditions, it may be seen 
that a plane having a speed of 250 mph at sea level may attain a 
speed of 350 mph at 30,000 ft, for the same power and time rate 
of fuel consumption. Of course actual airplanes will not follow 
this chart exactly, but Kendall Perkins of Curtiss Wright states 
that, on the average, the speed of a plane will increase by 1 per 
cent for each 1000 ft of altitude (8). Very likely a higher figure 
can be realized in a suitably designed plane. At all events it is 
clear that the ability to maintain power at high altitudes results 
in marked improvements in peak performance of the plane, say- 
ing valuable time in military or commercial operations, and in- 
creasing the speed at which satisfactory over-all economy can be 
maintained. 

Ground Boosting. Superchargers can also be used very effec- 
tively for ground boosting, i.e., increasing the sea-level power 
of the engine, since the indicated mean effective pressure (imep) 
and horsepower are proportional to the intake-manifold air pres- 
sure (map). With a moderate allowance for friction and acces- 
sory power loss in the engine, the brake-mean-effective-pressure 
values, (bmep) and brake horsepower (bhp) likewise increase very 
nearly linearly with the manifold air pressure. Of course, the 
power output of an engine can also be increased by increasing the 
compression ratio, but the interesting fact here is that a given in- 
crease in bmep and bhp can be obtained with a considerably 
smaller rise in maximum cycle pressure and temperature by means 
of supercharging. The result is that the manifold pressure can be 
boosted to yield a substantially greater power output before the 
allowable limit is imposed by stresses, temperatures, or detonation. 
It is entirely practicable, for example, to increase the output of an 
unsupercharged engine from 500 to 800 hp by boosting the mani- 
fold air pressure from 29 to 40 in. Hg abs, without changing the 
speed. This extra power is frequently of great value in facilitating 
take-off. 

In all of the foregoing comparisons, the engine speed has been 
assumed to remain constant. The variation of power with speed 
is expressed by the formula 


Bhp i—"const so pmep. <r pmie ene eee [2] 


High power is therefore commonly obtained by a combination 
of high speed and high bmep. High speed is attained by setting 
the variable-pitch-propeller governor to hold the desired revolu- 
tions by appropriate adjustment of the propeller-blade angle, and 
high bmep is secured by boosting the manifold pressure either by 
opening the throttle or increasing the speed of the supercharger 
(if the latter is controllable). 

Cruising Power. For cruising, the power can be reduced either 
by reducing the speed or the bmep, or both. If the propeller 
efficiency is not impaired, it is definitely more economical to re- 
duce power by reducing the speed, keeping the bmep as high as 
practicable. This is a consequence of the reduction in engine 
friction losses at the lower speeds. When the speed is reduced for 
this purpose at cruising altitudes, it is frequently found that the 
most economical values of map and bmep cannot be attained 
even with full opening of the throttle without a considerable 
amount of boosting from the supercharger. As an example to 
help make this clear, the following figures are cited for a hypo- 
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thetical engine for which the value of the constant in Equation [2] 
is 0.0025: 


Cruising 
(maximum 
Power economy) Full 
Manifold air pressure, in. Hg..... 30 47 
Brake mean effective pressure, psi. 140 220 
Speed, inpinin. cea ae See 1200 2700 
Power, DUD. csncice poe se CRS 420 1485 


At 15,000 ft, the manifold pressure could not be more than 
about 16.5 in. Hg without supercharging. This would yield a 
bmep of approximately 77 in. Hg, which would require a speed of 
2180 rpm to produce the 420 bhp for cruising. The fuel consump- 
tion at this speed would normally be appreciably greater than at 
1200 rpm. To maintain 420 bhp at still lower speeds would proba- 
bly require richening of the fuel-air mixture to avoid detona- 
tion, and the propeller efficiency might be considerably reduced. 

Supercharger Operating Range. Another serious obstacle to 
the maintenance of high manifold pressures for cruising is the 
limited range of satisfactory operation of superchargers now in 
common use, as indicated in Fig. 3. In this figure, Q represents 
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the volume flow of air supplied to the engine cfm, and is propor- 
tional to the engine power, at any given altitude; N is the super- 
charger speed, rpm, which is the chief factor in determining the 
pressure (map) supplied to the intake manifold. The useful 
operating range of a supercharger refers to the spread between the 
lower value of Q/N, usually established by the incidence of vio- 
lent surging or instability, and the upper value beyond which the 
efficiency falls off very rapidly. Curve A is representative of 
the modern centrifugal supercharger. The significance of these 
curves will be discussed further. For the present purpose it 
will suffice to observe that curve A indicates the difficulty of at- 
tempting to reduce Q for very low power outputs while maintain- 
ing WN at a relatively high level, in order to employ high manifold 
pressures. In addition to the fact that this tends to push the 
value of Q/N into the unstable region beyond the left end of 
the curve, a very flexible speed control is required to allow N to be 
maintained when the engine speed is reduced to less than one 
half of its maximum rating. 

Differential-Pressure Effects in the Engine. Apart from its prime 
function of increasing the density of the charging air forced into 
the engine cylinders, supercharging has a further beneficial effect 
in promoting the scavenging of spent gases from the clearance 
volume, at the end of the exhaust stroke. Since the intake-mani- 
fold pressure is higher than the back pressure some of the hot 
residual gas is forced out during the “overlap” interval between 
the opening of the intake valve and the closing of the exhaust. 
This improves the volumetric efficiency, lowers the initial tem- 
perature of compression, and reduces the tendency = backfire 
with lean fuel-air mixtures. 
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The excess of the intake pressure over the exhaust must be 
taken into account in computing the effect upon the net engine 
power of the power required to drive the supercharger. A sub- 
stantial portion of the latter, roughly 40 per cent, is returned to 
the engine in the form of ‘“‘steam-engine power,” which is the 
excess of the work done on the pistons during the intake stroke 
over the work done on the spent gas during the exhaust stroke. 

Power Required for Driving Supercharger. Present-day aircraft 
engines consume about 0.12 Ib of air per min per hp delivered. 
The power required to compress this air is determined chiefly 
by the ratio of the final to the initial absolute pressures, p2/pi, 
and the absolute temperature, 71, of the inlet air. The theoretical 
power for isentropic compression is given by the formula (refer- 
ence 4) 


Lp = 0:00573 Wale per paar per maine: er... (3] 
where 
Y = (p2/pi)-*83 — 1 


and 7; is in deg F abs. 

Values of the function YT) are given in Fig. 4. The curves on 
the left are based on the assumption that p; and 7 correspond 
to the standard N.A.C.A. atmospheric values of Fig. 1, for each 
altitude. The curves on the right give the same function for the 
particular pressure ratio and inlet temperature involved in any 
case. To obtain the compressor-shaft-input power, the values 
obtained from Equation [3] must be divided by the efficiency. 

In many practical cases p: may be assumed to be equal to the 
prevailing atmospheric pressure in flight, since the pressure drop 
in the upstream induction system is roughly balanced by the 
“am” or kinetic pressure of the slipstream impinging upon 


the airscoop. For the typical internal-geared supercharger 7p is 
the manifold pressure. Assuming a compressor efficiency of 70 
per cent, the power required to develop 1000 hp at 10,000 ft with 
a manifold pressure of 32 in. Hg can then be obtained from Fig. 4 
and Equation [3] as follows 


YT; = 65 
0.00573 X 65 X 120 
Hp = 5 a = 63.8 


(This must again be divided by the mechanical efficiency of the 
drive train to obtain the power taken from the engine crank- 
shaft.) The pressure ratio in this case is 1.55. For comparison, 
a supercharger to maintain 40 in. Hg of manifold pressure at 
25,000 ft would have to develop a pressure ratio of 3.6, which 
would require an input of about 185 hp per 1000 hp of engine 
power. 

The newcomer to this field sometimes finds it difficult to under- 
stand how a device which extracts such sizable blocks of power 
from the engine can be applied to sustain, or even increase, the 
net engine output. Perhaps this can be appreciated more readily 
from the analogy which it bears to the forced-draft blower of a 
stoker-fired furnace of a steam power plant, where a few hundred 
horsepower input to the blower enables the furnace to burn 
enough additional coal to generate several times the initial in- 
vestment in power. Moreover, as mentioned, the supercharger 
compressor actually pumps a substantial portion of its shaft 
power back into the engine (5). For the electrical engineer the 
supercharger may be compared with the grid of an electronic tube, 
when the grid system is used to control the relatively large plate- 
circuit power in a regenerative hookup. The fact is that 
the supercharger is being employed to an increasing degree as the 
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primary means of controlling the power of an airplane engine, in 
place of the carburetor throttle. 

Temperature Effects. Unfortunately, air cannot be compressed 
even with the perfect efficiency of an isentropic process, without 
a significant rise in temperature, unless the heat of compression is 
removed by cooling during the process. In aircraft superchargers 
it is not practicable to effect any appreciable amount of cooling 
in the compressor itself; in fact, the surface area is so small rela- 
tive to the mass flow of air that the process is substantially adia- 
batie (and polytropic). 

For an adiabatic process, the minimum temperature rise occurs 
in the case of reversible, isentropic compression, i.e., when the 
compressor efficiency is 100 per cent. In this case, the ideal tem- 
perature rise is numerically equal to the function YT; of Fig. 4 


T, sare a = 


and the actual temperature rise in any case is this value divided 
by the compressor efficiency. This is the source of the very con- 
venient and commonly used expression for compressor efficiency, 
otherwise known as the ‘‘temperature-rise ratio” 


a iN 


which should be equal to the actual shaft efficiency if there is no 
heat transfer to or from the surroundings. 

Equation [4] and Fig. 4 can now be used to determine the tem- 
perature rise of the air in the foregoing examples of supercharger 
For the 32-in. manifold pressure at 10,000 ft 


T,— Ds = YT,/0.7 —s 65/0.7 = 93 F 


power, 


and for the 40-in. pressure at 25,000 ft 
T, — T, = 188/0.7 = 269 F 


With an inlet-air temperature of —30 F, the manifold tempera- 
ture in the latter case would be 239 F. This would be intolerably 
high, according to present standards, for reasons which will be 
discussed later. In practice, the total pressure ratio of 3.6 in- 
volved in this case would be divided between two stages of com- 
pression with an intercooler between them, as indicated in Fig. 5. 
With the conditions assumed in this illustration the manifold 
temperature would be reduced to 134 F. 

Referring further to Fig. 5, the first-stage discharge pressure is 
commonly set at 31.67 in., in order to maintain standard sea- 
level pressure, 29.92 in., at the carburetor inlet, allowing for a 
drop of 1#/, in. Hg in the intercooler and ducting. The tempera- 
ture rise in each stage was obtained from Equation [4], allowing 
for a compressor efficiency of 70 per cent. It will be observed 
that the first-stage pressure ratio, po/p1, 1s 31.67/11.1 = 2.85, 
whereas the second-stage ratio is 40/28.6 = 1.4, in order to make 
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more effective use of the intercooler. (Occasionally an aftercooler 
is used between the final stage and the manifold, but this is not 
convenient in radial engines.) The so-called “intercooler effec- 
tiveness”’ is the ratio of the drop in temperature of the compressed 
air to the initial temperature difference with respeet to the am- 
bient, or 

to — ls 182 — 90 


2 age: = 43.4 per cent 
aS CATT TEI naib 


which represents a compromise in performance to reduce cooler 
weight. The drop of 30 F in the carburetor is due to the absorp- 
tion of latent heat by the evaporating gasoline. In some cases, 
most of this occurs in the passages of the internal supercharger, 
but the effect is about the same. 

There are at least three reasons for limiting the manifold tem- 
perature to the lowest practicable level: 

1 To avoid detonation or “knocking” in the engine, which has 
such a serious effect upon engine life as to constitute a major 
limitation to the allowable power rating. As the mixture tempera- 
ture increases, fuel of higher-octane rating must be employed to 
maintain constant intensity of detonation. 

2 To increase the density of the charge supplied to each 
cylinder, thereby increasing the power developed, as per Equa- 
tion [1]. 

3 To reduce the combustion and exhaust temperatures of the 
engine, 

These three results are promoted by improving the efficiency 
of the supercharger, which reduces the temperature rise during 
compression. In addition, any improvement in first-stage ef- 
ficiency reduces the work of compression in a second stage by re- 
ducing the value of 7; in Equation [3]. 

On the other hand, these same results can be promoted by in- 
creasing the effectiveness of the intercooler. In either case higher 
efficiency or effectiveness inevitably results in greater size and 
weight, at a given stage of the art. Optimum installation design 
therefore calls for a careful compromise of these factors to obtain 
best over-all performance, with due regard for total drag, power, 
and supercharger operating speed. 


TyprEs oF SUPERCHARGERS 


Two basic types of compressors have been used to supercharge 
internal-combustion engines: 


COMPRESSOR 
DISCHARGE 


IMPELLER 


COMPRESSOR 
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DIFFUSER 
Fra. 6 CrntTriruGAL CoMPRESSOR IN TURBOSUPERCHARGER 


1 The “positive-displacement” type, of which the Roots 
blower is a prominent example. This has two rotors carrying 
lobes which mesh with each other as do gear teeth, and which dur- 
ing their rotation open and close a displacement space. between 
the dumbbell-shaped lobes. An excellent description of this 
blower was given by John L. Ryde in a recent S.A.E. paper (6). 
It has not been applied to the supercharging of airplane engines 
to any appreciable extent since the N.A.C.A. tests of 1930, re- 
ported by Oscar Schey (7). Other positive-displacement pumps, 
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such as the rotary-vane and reciprocating-piston types, have not 
been well adapted for use in aircraft, principally because of their 
relatively large size and weight for a given capacity. 

2 The “‘centrifugal” type, the principal elements of which are 
a multivaned impeller and an annular diffuser, Fig. 6, enclosed 
in a suitable casing, which includes a collector or scroll surround- 
ing the diffuser. The impeller is driven at speeds of the order of 
20,000 to 30,000 rpm, with peripheral velocities or ‘tip speeds” 
commonly reaching 1100 or 1200 fps. The impeller imparts 
energy to the air principally by giving it violent peripheral and 
angular acceleration, roughly one half of this energy appearing as 
static pressure rise and half as kinetic energy at the exit (8). 
The function of the diffuser is to convert as much as possible of 
the velocity of the high-speed air streams into further increase 
in the statie pressure, by a process of efficient deceleration. Be- 
cause of its high speed of operation, the centrifugal supercharger 
has an exceptionally high volumetric capacity, which makes it 
especially well adapted for use in aircraft. By way of contrast, 


Fig. 7 shows graphically the relative size of a centrifugal super- 


charger (turbine-driven) as compared with the 75 conventional 
electrically driven reciprocating compressors which would be 
required to furnish the air for a 2000-hp engine. 

The “axial-flow’’ compressor should be mentioned as another 
basic type, which has frequently been considered for supercharg- 
ing engines (9). It is essentially a series of propeller-type fans, 
as many as 16 or 20, mounted on the same shaft, with a set of fixed 
turning vanes between stages, not unlike a multistage steam tur- 
bine. One of its limitations is its relatively narrow operating 
range, which has the character of curve B in Fig. 3, except that 
its peak efficiency may be appreciably higher. Its chief disad- 


vantage is its large size, principally in axial length, due to the 
many stages required to produce a substantial pressure ratio. 
Mainly for these reasons, it has not been applied to aircraft en- 
gines, although it has been used commercially in gas-turbine 
power plants (10, 11). 


CENTRIFUGAL-COMPRESSOR Dersian Factors 


In selecting a centrifugal compressor for a given supercharger 
application, the following factors must be taken into account: 
(a) Capacity, (b) maximum pressure ratio, (c) efficiency, (d) 
range, (e) impeller speed, (f) mechanical ruggedness, (g) size, 
(h) weight. 

It is, of course, impracticable to discuss all of these factors ex- 
haustively in a paper of this kind, but a brief survey of some of the 
major effects may be helpful to the uninitiated. More detailed 
discussions of the basic theory and practice will be found in refer- 
ences (8) and (12) of the Bibliography. 

Capacity, usually expressed in pounds of air per minute, is 
governed primarily by impeller diameter, D, and ‘revolutions 
per minute, N. For aseries of “similar’”’ machines, the volumetric 
flow Q (cfm) is proportional to ND3, so that all sizes of such a 
series should have the same value of Q/ND’. The basic capacity 
of the design, or “characteristic flow,” which Q/N D3 represents, 
can be increased by increasing the depth of the impeller passages 
or the “relative” area of the inlet. Any considerable departure 
from optimum proportions, however, will impair the efficiency. 

As previously indicated, a supercharger must deliver 0.12 Ib 
of air per min per engine hp. The volume flow at any altitude 
is obtained by dividing the mass flow by the density, to obtain 
the value of Q. The machine must then be selected or adjusted 
to bring the rated value of Q/N to the appropriate point near the 
peak of the characteristic curve, Fig. 3. In practice, the final 
adjustment of the capacity of the compressor is accomplished by 
changing the angle and the flow area of the diffusers suitably. 
(This is done by changing the entire diffuser, which is nonadjusta- 
ble.) The volume flow required to maintain a given capacity 
increases rapidly with altitude, becoming 6.6 times as great at 
50,000 ft as at sea level. 

The maximum pressure ratio is an important criterion of the 
excellence of a given design, as it fixes the useful ceiling of the ma- 
chine. The pressure-producing capacity of a centrifugal com- 
pressor is measured by the so-called “pressure coefficient” 
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where V is the impeller tip speed in feet per second. This coef- 
ficient compares the energy of isentropic compression of the air 
between the actual pressures involved in Y, with the energy theo- 
retically imparted to the air by the impeller (which is propor- 
tional to V2). From Equation [6], the necessary operating speed 
to deliver the required pressure ratio can be obtained as 


the value of YT, being taken from Fig. 4. 

In general, pressure coefficients for impellers with straight 
radial blades vary with Q/N in about the same manner as the ef- 
ficiency (e,), as shown by the curves in Fig. 3. Although Equa- 
tions [6] and [7] do not apply rigorously to impellers having 
curved blades, it may nevertheless be said that forwardly curved 
blades produce relatively high pressure coefficients, in that a 
lower tip speed is required for the same pressure ratio. This is 
secured, however, at the expense of a considerable reduction in 
stability and range of operation. Conversely, impellers with 
backwardly curved blades commonly show higher efficiencies but 
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lower pressure ratios for the same tip speed than the straight- 
bladed type. 

Altitude performance depends upon the ability to develop pres- 
sure ratio with a minimum temperature rise over a wide range of 
stable operation, and therefore different types of superchargers 
should be compared on this basis, rather than at the same tip 
speed, as has sometimes been the practice in the past. 

Substituting the value of Y in Equation [6], it can be shown 
that 
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The maximum pressure ratio which a given machine can develop 
is usually limited by the allowable stresses due to centrifugal 
force, which is proportional to the square of the speed. But, if 
this is not the limiting factor, there is a general tendency for the 
pressure coefficient and range to decrease at high speeds, as indi- 
cated by the change from curve A to curve B in Fig. 3, The ulti- 
mate ceiling may be reached at the point where the value of p 
collapses so that there is no further increase in pressure with 
speed. 

The efficiency of a centrifugal compressor depends almost en- 
tirely upon how successfully the air is introduced into the impeller 
and conducted through the passages of the machine without 
shock, flow separation, or turbulence. This sounds much simpler 
than it actually is. The air entering the impeller is given a sud- 
den terrific acceleration, sometimes reaching a figure of 6,000,000 
fpsps, or 186,000 g. The internal air velocities are commonly of 
the order of 1000 to 1200 fps at the diffuser entrance. The latter 
figure would exceed the velocity of sound (about 1088 fps at 32 F) 
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except for the fact that this velocity increases in proportion with _ 


the square root of the absolute temperature, which increases very 
considerably with the speed. At these speeds, the air particles 
tend to travel through the flow passages like rifle bullets, so that 
it is very difficult to make them turn corners and fill the varying 
flow sections without separation. 

At the higher air velocities associated with relatively high- 
volume flow and tip speeds the performance of the compressor 
is usually limited by the occurrence of “shock waves” manifested 
by very sudden changes in pressure with high energy losses, as 
the velocity at the diffuser entrance approaches the sonic or 
acoustic value. The tendency of these shock losses to occur is 
measured by the so-called “Mach number,” which is simply the 
ratio of the air velocity, u, to the velocity of sound, C, at the 
local temperature (or any convenient reference temperature). 
Since the critical value of wu is determined by and is very nearly 
equal to the tip speed, V, and since C = 49,/7 it is convenient 
to express the local Mach number as 


Unfortunately, the local value of 7’ at the diffuser inlet is usually 
not known, but for a given value of V it is determined by the 
inlet-air temperature, 7), so that it is still more convenient to use 
a distorted Mach number 
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in comparing the basic efficiencies of different compressors. This 
means that all of the values of efficiency versus Q/N should fall 
on the same curve, as A in Fig. 3, for a constant value of M; no 
matter how the speed and inlet temperature may be varied. A 
higher value of MM, would tend to reduce the performance in the 
direction of curve B. 

Since efficiency, pressure coefficient, and range are thus im- 


JANUARY, 1944 


paired by the high speeds and low temperatures required for 
high-altitude operation it is customary to employ two stages of 
compression when the total pressure ratio is greater than about 
2 or 3 to 1. However, there is always a strong incentive to de- 
velop single-stage designs to yield the utmost in pressure ratio 
without too great sacrifices in performance, for reasons of me- 
chanical simplicity, weight, and size. 

The significance of the problem of operating range has already 
been indicated. The problem is becoming progressively more 
acute as the spread between maximum and minimum engine 
power increases, and as higher altitudes call for higher super- 
charger speeds. One expedient for increasing range is the use of 
a ring-type or vaneless diffuser, which gives the type of perform- 
ance represented by curve C of Fig. 3. However, the penalty is 
usually a substantial increase in size (12), or else a loss in efficiency 
and pressure coefficient (13). 

Speed, mechanical ruggedness, and weight are closely inter- 
related factors. The high speeds at which centrifugal super- 
chargers operate not only set up high centrifugal stresses in the 
impeller but also generate vigorous vibrations in all parts of 
themachine, due toresonance effects and the impulses caused by the 
passage of impeller blades past the diffuser vanes. The energy 
and destructive power of these vibrations is sometimes sur- 
prising, and it requires very special care and experience to deter- 
mine the necessary massiveness and structure to prevent prema- 
ture fatigue failures. 

For aerodynamic reasons, to preserve the proper proportions 
of the flow passages, the capacity of a given type of super- 
charger should not be increased faster than the square of the 
characteristic dimension, which is usually the diameter, i.e. 
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In any series of similar machines, the weight increases with the 
cube of the characteristic dimension, or 
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which indicates that the larger-capacity machines tend to become 
relatively heavy. This aspect of the problem becomes so serious 
that there is a strong incentive to cramp and compromise the 
design in order to maintain more nearly proportionate weights as 
the horsepower rating is increased. For this reason, the impres- 
sion is sometimes given that the art is not progressing, since very 
real gains in basic merit are required to stand still with respect 
to efficiency while constantly progressing in capacity and altitude 
rating. 
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The commonest type of supercharger, embodied in practically 
every Major commercial and military aircraft engine today, is 
the radial centrifugal gear-driven from the rear end of the en- 
gine crankshaft. The speed is usually stepped up through two 
sets of gears to give impeller speeds of from 6 to 10 times the 
crankshaft speed. 

For conservative performance at moderate altitudes, as in 
typical air-line service, a single-stage single-speed drive is ade- 
quate, but for high-performance military planes, it has been 
found expedient to employ some form of multispeed drive, for the 
following reasons: 

If a centrifugal supercharger is operated at constant speed the 
pressure ratio and volumetric capacity are substantially inde- 
pendent of the initial pressure and density of the air. But the 
power is proportional to the weight flow, and hence to the den- 
sity, and of course the final pressure increases in proportion with 
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the initial pressure. A supercharger designed to give a full- 
power manifold pressure of 45 in. Hg at 25,000 ft, where the pres- 


_ sure is 11.1 in. and the density is 0.0343 lb per cu ft, would there- 


fore give a manifold pressure of 121 in. at sea level, and the 
power required to drive it would be 2.23 times normal. To avoid 
wrecking the engine immediately, the throttle would have to be 
closed to drop the manifold air pressure from 121 in. to 45 in. 
But the supercharger would still extract an unnecessarily large 
block of power from the engine, and the heat of compression, 
starting with a relatively high initial air temperature, would 
tend to cause heavy detonation unless the manifold air pressure 
and engine power were reduced still further. In order to maintain 
the maximum net engine power or economy at low altitudes it is 
therefore necessary to regulate the supercharger speed so that no 
more than the required pressure is generated at each level. In 
fact, it is one of the axioms of good flight engineering that the 
throttle should be kept open as far as practicable under all operat- 
ing conditions. 

Gear-driven superchargers, either single or two-stage, are now 
frequently provided with a two-speed drive having a mechanical 
clutch for shifting from low- to high-gear ratio. More recently, 
fluid couplings have been introduced, particularly in German 
engines, to provide continuously variable-speed control. An ex- 
cellent description of the details of these drives is contained in a 
recent article by F. M. Kincaid of the Wright Aeronautical Cor- 
poration (14). All of them are characterized by a relatively high 
degree of mechanical complexity, especially when fully automatic 
control is provided to maintain the desired manifold air pressure 
independently of altitude. The variable-speed feature of the 
fluid couplings is achieved at the expense of considerable waste 
power, which must be dissipated in the form of heat in the oil 
coolers. 

The exhaust-gas-driven turbosupercharger represents a very 
practical solution to the drive problem in terms of mechanical 
simplicity, flexibility, and power economy. As may be seen 
from the schematic diagram, Fig. 8, the impeller of the turbo- 
supercharger is direct-connected to a single-stage turbine driven 
by the engine exhaust gas. The speed is controlled in a very 
simple manner by allowing excess gas, not required for turbine 
operation, to escape through the wastegate instead of through 
the turbine nozzles and wheel. This makes it possible to hold 
constant manifold pressure, with no throttling and no extraction 
of engine crankshaft power, from sea level to critical altitude. 
No more than the minimum required power is drawn from the 


turbine at any time, so that the excess back pressure which it 
imposes upon the engine is likewise never more than sufficient 
to supply the desired manifold air pressure. The significant fact 
here is that the reduction in engine power caused by this increased 
back-pressure is usually much less than the crankshaft power re- 
quired to drive an equivalent geared supercharger (15). 

As indicated in Fig. 8, it is common practice to employ an in- 
ternal-geared supercharger in conjunction with the turbosuper- 
charger, with an intermediate intercooler. With a relatively low 
pressure ratio, as in the system, Fig. 5, the internal stage has no 
speed control, since it will not generate excessive manifold pres- 
sures with open throttle at sea level if the turbo is cut out. 


Tur GENERAL ELECTRIC TURBOSUPERCHARGER 


Figs. 9 to 12 show various views of the General Electric turbo- 
supercharger of the type used in the Boeing Flying Fortress, 
Consolidated Liberator bomber, and the Lockheed Lightning and 
Republic Thunderbolt pursuits. Although military necessity 
prevents the disclosure of complete technical details, the major 
features may be indicated as follows: 

Referring to the cutaway view, Fig. 9, the engine-exhaust stack 
connects to the nozzlebox A, which is directly above the turbine 
wheel B. The hot exhaust gases expand through the nozzles C 
and impinge upon the turbine buckets D. The pressure in the 
nozzlebox is regulated by means of the waste gage #, which vents 
excess gas to the atmosphere. 

The power developed is transmitted through the shaft / to the 
impeller G (which is also shown in Fig. 6). The diffuser passages 
H discharge into a scroll-type collector in the outer portion of 
the compressor casing J, which has a radial outlet. The rotor 
assembly is carried in a ball bearing K at the impeller end to 
take the thrust load, and a roller bearing L at the turbine end 
to allow for expansion of the shaft. 

The baffle ring M serves to shield the compressor casing from 
the heat of the nozzlebox, and its inner portion supports the noz- 
ale ring. 

The lubricating-oil pump WN is driven by a worm gear from a 
worm sleeve keyed to the shaft. The pump is of the gear type, 
and actually consists of two separate pumps within a single cas- 
ing. One element supplies oil under pressure to the gears and 
bearings. The other element is a scavenging pump which removes 
oil from the lower part of the bearing housing P and returns it to 
the supply tank. 

The external appearance of the turbosupercharger is shown 
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Fic. 9 Curaway View or TURBOSUPERCHARGER 


in Figs. 10, 11, and 12. In Fig. 10, the cooling cap has been re- 
moved to expose the turbine wheel. 

The impeller is machined out of an aluminum-alloy forging. 
The compressor casing, diffuser, and bearing are aluminum-alloy 
castings. Turbine parts are made of alloy steels especially de- 
veloped to withstand the high stresscs, elevated temperatures, and 
corrosive action of the exhaust gases. Data on various materials 
of this latter class are given in reference (16). 

As indicated in Fig. 8, regulation of the turbine waste gate is 
effected by means of a hydraulic servomotor containing a pres- 
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sure-sensitive element connected to the engine exhaust stack 
ahead of the turbine. By adjusting the boost-control lever, the 
pilot sets the regulator to hold a constant nozzlebox pressure which 
will maintain the desired engine-intake-manifold pressure. 


THERMODYNAMIC FEATURES OF TURBODRIVE 


The development of the gas-turbine drive is described in refer- 
ences (16, 17, 18), and in a companion paper by Dr. Sanford A. 
Moss (19). The underlying thermodynamic principles are essen- 
tially the same as those applying to the conventional single-stage 
impulse-type steam turbine. The success of the turbosuper- 
charger is based upon the development of an adequate mechanical 
design to enable the turbine to utilize the energy of the high- 
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temperature engine exhaust gases with satisfactory reliability 
and life and without undue penalties in weight or size. 

Fig. 18 gives the available energy, in Btu per pound, of engine- 
exhaust gas for various temperatures, pressure ratios, and fuel-air 
ratios. The data are based upon recent information on the specific 
heat of gases reported by Heck (20), and Ellenwood, Kulik, and 
Gay (21), and are believed to be considerably more accurate for 
this purpose than the energy values based upon the properties of 
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ordinary air. (To convert the available energy to hp per lb of 
gas per min, divide Btu per lb by 42.4.) It should be noted that 
this is primarily thermal energy, representing the waste heat 
of the exhaust gases and that the pressure ratio required to release 
a given amount of powe: decreases rapidly as the initial gas tem- 
perature increases. } 

Actual exhaust-gas temperatures, in the case of high-powered 
military engines, vary from about 1200 to 1700 F, the higher 
figures being associated with higher outputs and leaner fuel-air 
ratios. Assuming a representative temperature of 1500 F, it is of 
interest to determine the available energy per pound of gas for a 
pressure ratio of 2.69, which corresponds to sea-level back pres- 
sure (p1 = 29.92 in.) in the engine-exhaust stack at 25,000 ft 
(p2 = 11.1 in.). The conservative “cruising lean”’ value of 0.075 
will be used for the fuel-air ratio, although richer mixtures would 
be used for full power. 

From Fig. 13, for pi1/p2 = 2.69 and T,; = 1500 F, the available 
energy is 122 Btu per lb, or 2.88 hp per lb per min. This figure 
must be multiplied by the turbine efficiency to obtain the actual 
shaft output. 

The engine requires slightly less than 1 lb of air per lb of ex- 
haust gas. It will be assumed that the turbocompressor delivers 
this air at sea-level pressure at the carburetor under the condi- 
tions of Fig. 5 (yp. = 31.67) with a compressor efficiency of 70 
percent. From Equation [3] and Fig. 4, the required power input 
to the compressor will be 


0.00573 X 148/0.7 = 1.21 hp per lb per min 


This means that the turbosupercharger can maintain sea-level 
pressures at both ends of the engine at 25,000 ft so long as the 
turbine efficiency is greater than 1.21/2.88 = 42 per cent. This 
is entirely practicable, even after allowing for losses due to gas 
leakage, etc., and is the basis of most turbosupercharger applica- 
tions. 

As the altitude increases, the compressor must develop a greater 
pressure ratio, which requires more power. But with constant 
engine inlet and exhaust pressures, the pressure ratio across the 
turbine also increases with altitude, so that the power available 
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continues to balance the power required. The ultimate level 
above which this balance can no longer be maintained is deter- 
mined either by the attainment of the maximum allowable 
“turbo” speed, or else by loss of efficiency at excessively high pres- 
sure ratios. Beyond this critical altitude, the carburetor pressure 
and engine power begin to decline in the normal manner. 

From the energy standpoint, it might be said that the turbo 
thrives on high exhaust-gas temperatures, as indicated by 
the curves in Fig. 13. However, at temperatures in the vicinity 
of 1700 F the cooling problem becomes very serious; to such an. 
extent that it has been thought in many quarters, particularly 
abroad, that turbine operation at such temperatures was im- 
practicable. The fact is that the ability of the turbine materials 
to withstand these high temperatures is due largely to the fact 
that no parts of the machine actually reach the full temperature 
of the gas. Practically all parts are cooled by intense radiation 
to the surroundings, and the nozzlebox is cooled about 400 deg 
below the gas temperature by the additional effect of a stream of 
‘Tammed” air. The effective temperature of the gas impinging 
upon the buckets is reduced several hundred degrees by virtue 
of the conversion of thermal energy into kinetic energy in the high- 
velocity jets (see reference 22). It appears, therefore, that pres- 
ent engine-exhaust temperatures are very nearly at the optimum 
level for turbo operation; if they were much higher the necessary 
reduction in turbine speed or life would be serious, and if they 
were much lower the performance would be impaired by the re- 
duction in available power. 

The problem of “afterburning’”’ may be mentioned in this con- 
nection. Since aircraft engines are always operated with rich 
fuel-air mixtures at high powers, the exhaust gases contain con- 
siderable quantities of carbon monoxide and hydrogen; up to 
14 per cent CO and 7 per cent Hz (23). These highly inflamma- 
ble gases will burst into flame if they come into contact with 
air before cooling below their ignition temperature (roughly 
1100 to 1200 F). Because of their visibility at night, these flames 
must be suppressed in the case of bombers, many of which are 
provided with bulky quenching devices for this purpose. In 
turbosupercharger installations afterburning can cause local 
overheating if the gases come in contact with sufficient air, by 
entrainment or otherwise, before passing completely through and 
away from the turbine. But with suitable precautions to avoid 
this, the turbosupercharger has a salutary effect in helping to 
suppress visible flames by cooling the gas several hundred de- 
grees, due to the conversion of heat into work. 


COMPARATIVE PERFORMANCE OF SUPERCHARGERS 


The first criterion of supercharger performance is the ability 
to maintain full engine brake horsepower at all altitudes in the 
operating range of the airplane. The final measure is, of course, 
the actual performance of the plane, including rate of climb and 
maneuverability as well as speed in level flight. 

The effect upon engine power can be determined or predicted 
a great deal more readily and accurately. Fig. 14 gives the results 
of a very interesting study of the performance of an engine 
equipped with various types of superchargers, recently published 
by the Allison Division of General Motors Corporation (24). Curve 
1 represents a ‘sea-level engine”? which has a small low-speed 
internal supercharger provided to produce full power by ground 
boosting the manifold pressure at sea level with full throttle. 
With a fixed impeller speed, the engine power is the same as that 
of the unsupercharged engine shown in Fig. 1. Curve 2 shows the 
result of speeding up the internal supercharger so as to produce 
maximum power at a rated critical altitude of 15,000 ft. This 
engine must be partly throttled at sea level to avoid excessive 
manifold pressure and detonation. The net output is reduced by 
the extra compressor power and temperature rise due to the 
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higher impeller speed, as discussed in the section ‘“Types of 
Drives.” As the plane rises, the engine power increases, due to 
the reduced back pressure plus the favorable effects of the lower 
inlet-air temperatures, until the throttle is fully open at 15,000 ft. 

The remaining curves are determined by similar considerations 
of the shaft power required to drive the compressor, and the effects 
of manifold air temperature upon detonation and charge density. 
As just mentioned, the outstanding performance of the turbo- 
supercharger (curve 8) is due to its ability to supply exactly the 
required pressure with no extraction of crankshaft power. The 
principal adverse effect of the turbosupercharger is to prevent the 
engine back pressure from following the normal decline of am- 
bient pressure at altitude. Although curve 8 shows a slight loss 
of power with altitude, it has been demonstrated by flight tests 
that it is entirely practicable and convenient to hold 100 per cent 
sea-level power or more all the way up to the critical altitude 
with a conventional turbosupercharger installation. 

On the other hand, the gear-driven supercharger, particularly 
the simpler single-speed types, are considerably lighter and more 
compact. If there is no intercooler, the drag will be less. If a 
turbosupercharger is not used it is possible to convert more of 
the exhaust energy into thrust by the use of rearwardly directed 
ejector-type exhaust manifolds (25), although the efficiency of 
this process is low. 

It is extremely difficult to make valid comparisons of the rela- 
tive performance of a given airplane with a gear-driven super- 
charger or with a turbosupercharger for the simple reason that, 
for optimum results, the plane must be designed specifically for 
the particular installation used. This is especially true in pursuit 
ships, where the supercharger has a marked effect upon fuselage 
shape and weight distribution. Moreover, the requirements of a 
light “hedge-hopping” plane are apt to be quite different from 
those of a heavy, high-altitude design. The performance of any 
supercharger, and particularly the turbo, depends so greatly upon 
the excellence of the installation that it is entirely possible to re- 
verse the results of any such comparison by suitably butchering 
the job. It is significant, however, that the gear-driven super- 
chargers have had the benefit of much more intensive work on 
the installation problem, so that some account should be taken 
of the potential as well as the actual merit of the turbo type. 
Even the latest and best turbo installations are not as closely and 
completely integrated into the power plant as they might be. 
But the fact remains that the turbosupercharger enjoys an initial 
and basic thermodynamic advantage, as indicated in Fig. 14, 
which becomes even more marked at higher altitudes. Finally, 
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it is still more significant that four of the outstanding planes that 
this country has contributed in the present war, the B-17, B-24, 
P-38, and P-47 are turboequipped. 


PRESENT STATUS OF TURBOSUPERCHARGER - 


The question is sometimes asked: Why is it that no foreign 
country has used the turbosupercharger in military airplanes dur- 
ing the present war? The answer is that, although a considerable 
amount of experimental work has been carried on abroad as de- 
scribed by von der Nill (16), the practical difficulties of design 
and production have discouraged any large-scale application to 
high-performance Otto-cycle engines. The Germans have suc- 
ceeded in applying a turbo to their Junkers Jumo 207 Diesel on 
a small scale, but since the exhaust-gas temperature entering the 
turbine is about 1000 F, the performance is correspondingly low. 
The outstanding success of the turbo development in this country 
has resulted from the sustained effort and continuous experience 
with the manufacture and application of this type of supercharger 
since 1917 which has been made possible by the support and co- 
operation of the United States Army Air Forces. Consequently, 
at the outbreak of the war this country alone had both the techni- 
eal ‘‘know-how”’ and the facilities for producing these machines 
in the necessary quantity and quality. It was in recognition of 
this achievement that the Collier trophy was awarded jointly to 
the Army Air Corps and Dr. Sanford A. Moss, of the General 
Electric Company, by the National Aeronautic Association in 
1941. 

For several years the turbosupercharger has been in mass pro- 
duction, at a rapidly increasing rate. At the present time it is 
being produced at the rate of thousands a month in five large 
plants, two of them especially built for this purpose. The Ford 
Motor Company and the Allis-Chalmers Manufacturmg Com-~ 
pany are contributing in a substantial degree to the production of 
the General Electric design. 

Since the start of the war large numbers of turboequipped 
planes have seen active service in the battle areas all over the 
world. All have given an excellent account of themselves. The 
turbo itself has achieved a remarkable record of reliability and 
outstanding performance under an extreme range of operating 
conditions. Many favorable reports have also been received in 
respect to the relative ease with which it has been serviced and 
maintained in the field. The most enthusiastic tributes, however, 
have come from pilots and crews who have repeatedly been able 
to outclimb and outdistance enemy planes whose engines weaken 
and falter in higher altitudes. 


FurtTurE Prospecrs OF SUPERCHARGING 


As in many other branches of aviation, the war has given a 
tremendous impetus to the development of all forms and applica- 
tions of supercharging. All known areas of theory and practice 
are being explored searchingly and extensively and new fields 
are being opened up under the incentive to improve the perform- 
ance and extend the capacity of existing machines. Unfortu- 
nately, it is obviously impossible to discuss the results that are 
being accomplished. About all that can be said is that the general 
direction is up, and that “‘the sky’s the limit.” It might be added 
that superchargers are definitely ahead of engines, planes, and 
propellers in this direction, at the present time. 

With reference to postwar supercharger applications, it is 
confidently anticipated that turbos will be applied to commercial 
transport planes, particularly for the longer, high-altitude runs 
with definite advantage in operating economy. Although there is 
a lack of adequate flight data to support this point there are a 
number of sound reasons, some of which have been cited herein, 
upon which to base the expectation. Von der Niill (16) mentions 
some prewar German tests with “modern high-altitude engines,” 


showing specific fuel consumptions of 0.441 lb per hphr with a 
turbosupercharger, as compared with 0.584 lb per hphr with 
a gear-driven supercharger, but the details are not given. 

The advantages of high-altitude flight (8) which led to the 
development of the famous Boeing Stratoliners will doubtless 
encourage the development of pressure-cabin planes for operation 
in the higher levels of the stratosphere. Very much more ade- 
quate cabin-supercharging systems will then be available. Here 
again the basic economy and flexibility of the turbocompressor 
can be utilized effectively. Since it delivers pure air at about the 
desired pressure and temperature, the engine turboinstallation 
can be used to pressurize and ventilate the cabin by bleeding off 
a small fraction of the air leaving the intercooler. The internal- 
type supercharger cannot be so employed because it discharges a 
mixture of fuel and air. 

But whatever the future may bring, it can be stated with as- 
surance that the supercharger in its various forms will be ready 
and adequate for the demands of new advances in high-altitude 
flight, for without it such flight as we know it today would have 
been impossible. 
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Discussion 


KrennetH CAMPBELL.’ The paper constitutes a technical 
exposition of the basic principles, characteristics, and functioning 
of superchargers as applied to aircraft engines. It is clearly 
and comprehensively expressed, and the authors are to be con- 
gratulated on setting forth this condensed explanation of the 
subject as a whole. It is needed by the thousands of engineers 
in aeronautics whose assignments are nearly always concerned 
in some respect at least with the subject of supercharging and 
its many ramifications. 

Without doubt, the authors would be the first to agree 
that the material of this paper is necessarily largely not new, 
measured by the very short time standards of aeronautical de- 
velopment, since everything in the field of aeronautics which is 
new, judged by these standards, is of use to the enemy and must 
therefore be left unsaid. The writer is privileged to be familiar, 
however, with the large amount of manpower and expenditure 
being devoted to physical research in the field of supercharging 
by the authors’ organization, as well as with some of the results 
being obtained, and the reader can rest assured that the informa- 
tion given in the paper rightly comes from the oldest and one of 
the most active centers of supercharger development. 

The paper is fundamentally sound, and we have little worthy 
comment to make taking issue with it technically. The authors 
recognize the existence of some exhaust energy from rearwardly 
ejected exhaust manifolds. It might be pointed out, however, 
that the thrust horsepower gain to the airplane from simple, 
rearwardly pointed exhaust stacks from each cylinder has for 
some years been calculated by many investigators to equal the 
mechanical power robbed from the crankshaft by the mechani- 
cally driven first stage, even in climbing flight. On the other 
hand, gain from directing the turboexhaust to the rear is neces- 
sarily slight. If these calculations be true, the comparison of 
curve 8 in Fig. 14 of the paper, representing the turbo perform- 
ance, with the other performance curves of this figure will be very 
misleading to the uninitiated. 

We enjoy and approve highly the statement made in the paper 
that the impression is sometimes given that the art of super- 
charging is not progressing, since very real gains in basic merit are 
required to stand still with respect to efficiency, while progress 
is constantly being made in altitude and capacity rating. Dur- 
ing the period of supercharger knowledge covered by this paper, 
superchargers have increased from 500-engine-horsepower ca- 
pacity to 5 or 6 times that capacity. As the authors indicate, in 
order to have maintained the efficiencies of the small super- 
chargers in the larger models without further performance re- 
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search, impeller diameters and other corresponding dimensions 
should have more than doubled; yet no such maintenance of 
dynamic similarity has had to take place. The fact that the 
efficiencies of superchargers of engines of 2000 hp are slightly 
better, and in some cases substantially better, today than the 
efficiencies obtained originally with superchargers for engines of 
500 hp is the result of very extensive research work which has 
been gomg on in various localities in this country in super- ~ 
charger development, without which the superchargers of large 
engines today would be failures. This is a point seldom appreci- 
ated in the past and one which the authors do well to express so 
clearly. 


J. M. Heipack.* It is extremely fortunate that the military 
authorities have allowed the presentation of such a timely sub- 
ject, especially now when the nation’s newspapers are full of the 
successes of our military airplanes, due especially to their su- 
perior high-altitude performance. 

The authors have mentioned the problem of covering ade- 
quately the increased operating range of modern military-air- 
craft engines. Military operation requires both high-power 
and cruising-power operation at all altitudes up to and including 
the critical altitude of the installation. At present, the turbo- 
supercharger is the only means of supercharging which allows 
this flexibility. It can be reasonably expected that postwar ap- 
plication on long-range transoceanic and transcontinental pas- 
senger and cargo airplanes will be predicated on turbosuper- 
chargers designed to operate at their maximum efficiency while 
covering the cruising-power range of the engine. Such. a com- 
bination allows the attainment of optimum conditions from the 
standpoint both of performance and weight saving. 

It is not generally realized that the most economical engine 
revolutions (rpm) do not necessarily result in the most economical 
cruising speed for the airplane. The airfoil characteristics of the 
plane must also be considered. Normally, under given con- 
ditions of altitude and weight, there is a definite optimum point 
where increasing power slightly, even though it increases fuel 
consumption, results in a greater increase in aerodynamic ef- 
ficiency to the extent that the over-all result is an increase in the 
ratio of miles per gallon. 

Basically it becomes a problem of matching the plane speed, 
endurance, and economy to result in optimum performance. 
The flexibility of the turbo, and its resultant beneficial effect 
on economy, makes it an important factor to be considered in 
designing the aircraft power plant for postwar commercial air- 
planes. 


AvuTHorRs’ CLOSURE 


The authors greatly appreciate Mr. Kenneth Campbell’s 
generous comments, coming as they do from such a well-qualified 
source. 

Mr. Campbell raises a controversial question of long standing as 
regards the extent to which the extra thrust from individual 
exhaust jets can be made to compensate for the extra power re- 
quired from the crankshaft to drive the internal supercharger 
when a turbo is not used. The issue has remained controversial 
for so long chiefly because the actual result depends upon the 
conditions assumed in the comparison. The exhaust jets show 
up to best advantage in the case of high-speed pursuit planes 
at moderate altitudes, especially when fuel economy is of second- 
ary importance, whereas the turbo is better adapted to heavy 
long-range bombers and transports or to any type of plane in 
the altitude levels above 30,000 ft. Even in the fighter class, the 
high-altitude performance of the P-38 and P-47 demonstrates 
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the fact that the initial advantage of the turbo in respect to 
actual brake horsepower, as shown in Fig. 14, can be realized 
in practice, quite apart from calculations. It is freely conceded, 
however, that the excellent results lately obtained with two- 
stage gear-driven installations in pursuits will help to avoid 
any complacency in the turbo camp. 

Mr. Heldack’s comments are very pertinent and are especially 
welcomed in view of his close contact with the practical problems 
of aircraft design and performance. In reference to his remarks 
on the most economical engine speed, perhaps the matter might 
be stated this way: For a given airplane, total weight, and altitude 
there is an optimum “thrust horsepower,’”’ determined by the 


~I 
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aerodynamics of the plane, which will give the best ratio of air- 
plane speed to power. For a given thrust horsepower there is 
an optimum engine speed, determined by the characteristics 
of the engine and propeller, that will give the minimum fuel con- 
sumption. Optimum over-all economy, as measured by miles 
per gallon, can be obtained only by the proper selection of both 
power and engine revolutions (rpm). 

The point is that the turbosupercharger makes it possible to 
realize this objective over a wide range of operating conditions, 
since the compressor speed, and hence the intake-manifold 
pressure, can be controlled independently of the engine speed 
without the loss due to throttling. 


Test and Predicted Oil-Cooler Performance 


By A. L. LONDON! anp J. I. BREWSTER? 


Air-side heat-transfer and pressure-drop laboratory test 
data are presented for a shell-and-tube-type oil cooler, 
employing steam as the shell-heating medium (1).? These 
data are compared with the information existing in the 
literature. The chief discrepancy observed is the surpris- 
ingly high Reynolds number obtained for transition be- 
tween laminar and turbulent flow; the dip region being 
in the Reynolds number range 10,000 to 4000 instead of the 
usually expected range of 4000 to 2000. The test results, to- 
gether with available oil-side conductance data, are em- 
ployed to predict oil-cooling performance of the exchanger 
as a function of air-flow pressure drop. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 


A, = tube air-flow cross section for core 
C, Cg = unit heat capacity of air stream, Btu/(lb °F) 
co = unit heat capacity of oil stream, Btu/(lb °F) 
D = tube inside diameter (air side), D = 4ry, ft 

e = base of natural logarithms 

jf = over-all friction factor, including entrance and exit losses 
(dimensionless) 

f’ = tube skin-friction factor (dimensionless) 

G = tube air-mass velocity, lb/(sec ft?), Ib/(hr ft?) 

g = 32.2 lb mass/slug mass (proportionality factor in New- 
ton’s second law, when employing both pound-force 
and pound-mass units) 

h = unit conductance for thermal convection, air side, 
Btu/(hr ft? °F) 

k = unit thermal conductivity of air, Btu/(hr ft? °F/ft) 

K, = constant relating 6, and 8, (Equation [1]) (dimension- 
less) 

K, = contraction-loss friction coefficient (dimensionless) 

L = effective tube length, air side, ft 

Ap = air-pressure drop, lb per sq ft, in. water 

ry = tube hydraulic radius, air side, equals flow cross sec- 
tion/wetted perimeter, ry = D/4 (right circular 
cylinder), ft 

¢t = temperature, F 

tai, ta2 = air temperatures at tube entrance and exit, respec- 
tively, F 
i, = saturation temperature of core heating steam, °F 
iwi, fo. = oil temperature at core entrance and exit, respectively, 
°F 
T,, = absolute temperature of entering air, 741 = ta + 460, 
°R 
At = temperature difference, (t, — t,:), or average oil tempera- 
ture to entering air, °F 

U’ = over-all unit thermal conductance oil to air, Btu/(hr 
ft? °F") 

V = air velocity, fps 


1 Assistant Professor of Mechanical Engineering, Stanford Uni- 
versity, Calif. Jun. A.S.M.E. 

2C. F. Braun Company, Alhambra, Calif. Jun. A.S.M.E. 

3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. ; 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Los Angeles, Calif., June 14-17, 1948, of Tu 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 
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of the Society. 
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= oil flow rate, lb per hr 

= dimensionless moduli (see following group) 

= denotes pressure or temperature difference 

heat-transfer effectiveness (see following group) 

ratio of air-flow cross section to core cross section 
(dimensionless) 

air viscosity, lb/(hr ft), (centipoises) 

= air density, po = 0.075 lb per cu ft, standard air density 
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Dimensionless Moduli: 


hL 
¢@ = ~' air-side number of transfer units 
Gc TH 
Ba = =— over-all number of transfer units 
Ge ry 
€,GC, A, 
8) = ——*— heat-transfer modulus employed in oil-cooling 
WCo 
effectiveness expression, Equation [7] 
L 
8; = =-— friction modulus analogous to 8, 
TH 
€, = “air-heating effectiveness,” (1 — e®%), (1 — 8) 
« = “oil-cooling effectiveness,” Equation [7] 
f, f’ = air-flow friction factors (see preceding group) 
L 
— = modulus expressing air-side tube geometry 
TH 
Nyu = hD/k, Nusselt number, air side 
Ne, = pe/k, Prandtl number, air side 
Nre = DG/u, Reynolds number, air side 


DEscrIPTION OF TEst APPARATUS 


The physical characteristics of the core tested are given in 
Table 1. 


TABLE 1 PHYSICAL CHARACTERISTICS OF CORE 
Mubermaterial series toate Se tle heel a eiiwyecelonals lava iavsvacave ary atevers Copper 
Nittm beriol (Gu Dee actinirastereeiemins aimeinrs cede cere oeus ceiecpiine wintetaial = elec 637 
Tuber piteb Aras aes cial eevee oroe oa evalereve, Aiscstereinterclesereial tess eteMeneses 0.325 
ube, Tnviont Omi, icterctens likes Mak ols ineceye, Guts eae afvterouttus otersinie tase 60 
Mabe: ciamerer, Air Sl, ;h) ste rere oe teien cic cla) sicvcirs eietehens nr asatene ce 0.256 
Tube diameter, shell side, OD, in.......... 0.268 
Effective heat-transfer length, air side, in,. 9.0 
Effective heat-transfer length, shell side, in 8.0 
Heat-transfer area, air side, sq ft.......... 32.0 
Wrontalares, (8.9 1M dism) 2 SQ eile. ag sieves ny csevevela susveruse,e cprerece aneness.e 62.2 
Pube-HoOwsALeas Alc, AG dlismeitente ts fvaverara cis eieva eb os dauewwieraare «eheiey & 32.8 
Shell-sidenv.olumen Our iis vere veceaterara pee aera vormiene taal otaccteuclaley dior ereceie.s 190 
Number of shell-side passes along tubes............ 0.0000 eeeeue 7 
Length/hydraulic radius, air side, L/rjy......--- 0c ee ee eee eee 140 
Mube-flow area irontal Aven, o)-.s..- case cei fons mingle sis wa cie(@aale ee 0.53 
Miube-flowiares //duchiaredtemes sila sr wictetis wale oS sins ¢ cialis odaonens 0.52 


The core unit was installed in a 9-in-diam test duct connected 
to the suction side of a centrifugal blower. Air-flow control was 
provided by a variation of the blower speed afforded by the di- 
rect-current-motor drive. Details of the test duct-blower ar- 
rangement, together with the air-flow and pressure-drop-measur- 
ing instruments, are indicated in Fig. 1. 
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The steam employed as the heating medium in the shell was 
delivered to a separator at about 30 psig pressure. After liquid 
separation, the steam was throttled to about 3 psig to provide 
some superheat at the entrance to the core. The condensate 
from the core drained to a standpipe and then to an aftercooler 
where some subcooling was provided to minimize flashing. The 
condensate was metered gravimetrically. 

The energy state of the superheated steam entering the core 
was established by pressure-temperature measurements and the 
steam tables. The condensate state was determined by tempera- 
ture measurement upstream from the standpipe. Steam and 
condensate temperatures were measured by mercury-in-glass 
thermometers with the bulbs extending 3 in. in the fluid streams 
through glands. 

Air-state measurements were taken as follows: Air humidity, 
by wet- and dry-bulb readings in the room; air stream entering 
the core; by a mercury-in-glass thermometer located 2 ft up- 
stream from the core; air heating, by a calibrated shielded dif- 
ference thermocouple (copper-constantan). The upstream 
junction had a stationary location at the previously mentioned 
mercury-in-glass thermometer, The hot junction was located 8 
in. downstream from the core and was arranged to provide an 
8-point vertical traverse of the air stream, with the traverse 
points located at the centers of equal annular areas. The arith- 
metic average of the temperature readings served to approximate 
closely the bulk air temperature inasmuch as the velocity dis- 
tribution was quite uniform. 

Air flow was metered by a central location of the pitot tube 
after an 8-point traverse calibration established the relation be- 
tween the center-line velocity and the average velocity with re- 
spect to flow area, Fig. 3(a). 

Fig. 2 reveals schematically the 7-pass baffle arrangement and 
the steam-flow path in the shell. Also shown is a detail of the 
expanded hexagonal ends of the round tubes. 


Trst Resvuuts 


Typical approach-velocity-head distributions are presented 
in Fig. 3 together with the calibration for average to center-line 
velocity. Also shown are typical temperature distributions 
downstream from the core as measured by the air-heating differ- 
ence couple. The arithmetic average of the 8-point temperature 
traverse readings was used to evaluate the bulk air tempera- 
ture rise. 

Table 2 summarizes the cold-core pressure-drop data. In this 
table the Reynolds number is evaluated employing a viscosity 
of 0.018 centipoises (air at.80 °F) 
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TABLE 2. COLD-CORE PRESSURE-DROP DATA 
Tube 
Tube-air Friction Reynolds 
Air density mass velocity, Ap, modulus, number? 
p, Ib/ft* G lb/(see ft?) in. H2O (f/2)(L/rH) NRe = DG/u 
0.0740 119 0.105 0.90 2060 
0.0740 1.54 0.153 0.80 2710 
0.0740 2.28 0.290 0.69 4020 
0.0740 2.94 0.430 0.62 5090 
0.0743 3.52 0.585 0.59 6210 
0.0740 3.40 0.550 0.59 6000 
0.0745 3.87 0.685 0.57 6830 
0.0740 3.72 0.635 0.57 6580 
0.0742 4.38 0.89 0.575 7750 
0.0741 4.23 0.83 0.575 7480 
0.0741 4.98 1.15 0.575 8800 
0.0745 5.66 1.465 0.57 10000 
0.0740 6.32 1.85 0.575 11200 
0.0745 6.38 1.855 0.57 11300 
0.0737 7,75 2.75 0.57 13700 
0.0735 12.7 7.05 0.54 22400 
@ Based on viscosity « = 0.018 centipoises (80 F). 
Ga f fe 
Nre = — (dimensionless) 
Le 


which reduces to Vre = 1760G for G Ib/(see ft?). The friction- 
factor modulus is derived from the Fanning equation for the pres- 
sure drop 


A L V? 
ad -— ft of air 
29 


p TH 


With G expressed in lb/(see ft?) and p in in. of water this expres- 
sion reduces to 


The foregoing calculation assumes negligible air-density change 
in passage through the tubes, which is a valid idealization provid- 
ing the pressure drop does not exceed 4 per cent of the total pres- 
sure and the air is not heated in the core. 

Mechanical-energy dissipation, as expressed by the modulus 
given, includes entrance-shock loss, skin friction in the tubes, and 
exit-shock loss. 

Heat-transfer and pressure-drop data, obtained with steam 
heating of the core, are summarized in Table 8. Energy balances 
for the greater part of the runs are within 5 per cent, attesting to 
the general accuracy of the temperature and flow measurements. 
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Fie. 3. Arr-TEMPERATURE-TRAVERSE Data 


(a Relation between bulk-average and center-line duct velocities upstream 
from core. b Velocity-head distribution upstream from core. c Temperature 
distribution downstream from core.) 
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TABLE 3 
AIT AGMSIGY,. (Pp; ADSDCI CU Lovaas. eee welew as y= 0.0725 0.0725 0.0724 
Tube-air mass velocity, G, lb/ft? persec........ 0,995 1,57 2.53 
ressure: drop; Ap, im. HaO Vw oke ns ee dae ee es 0.220 0.435 
Entering-air temperature, tai, F.............. 87 86 85.5 
Inlet temperature difference, (ts — tai), F...... 133 134 134.5 
PAID AGGTII rl (Lae —T hat) Gal Shee a cyd teens ela een, 3 66.0 65.7 46.5 
Number of transfer units, Bg = (h/Gc)/(L/rH).. 0.685 0.537 0.425 
@Unit conductance, h, Btu/(hr ft? F)........... 4.2 5.3 6.8 
bReynolds number, DG/p = NRe..........0045 1670 2620 4220 
¢Energy balance per cent difference............ a aoe 8 
@ Based on co = 140,c = 0.242 Btu/(lb °F) 
7 é 5 tar + la2 
» Viscosity » for average air temperature Se 


HOT-CORE HEAT-TRANSFER AND PRESSURE-DROP DATA 


0.0720 0.0720 0.0720 0.0730 0.0725 0.0726 0.0720 0.0718 
4.15 4.48 4.67 5.38 5.95 7.62 10.1 13.5 
0.945 0.98 1.19 1.47 1.78 onl 5.3 9.5 
88 89 88 84 86 83.5 91 84.5 

130 131 132 136 134 =136.5 129 186.5 
45.0 45.5 46.8 50.7 51.0 53.0 49.0 50.1 
0.425 0.426 0.488 0.467 0.481 0.492 0.477 0.457 
11.0 11.9 12.8 15.8 17.9 23. 30.0 38.4 
6920 7480 7800 8970 9930 12800 16900 22600 
"6 4.3 ww 2.6 2.4 2.9 0.6 0.0 


110 F, u = 0.019 centipoises. 


¢ Wxpresses per cent difference between heat transfer to the air and heat transfer from heating steam, based on steam-energy rate. 


The number of heat-transfer units 8, = (h/Gc)(L/rq) were 
evaluated from the test data employing the relation 


The unit conductance h was then determined as 
h = (8, Ge) /(L/ry) 


This procedure is equivalent to employing the log-mean rate 
equation with a heat-transfer rate evaluated from the air-heating 
data. 

Examination of the air-temperature-traverse data shown in Fig. 
3 indicates that the air from the lower half of the core was not 
heated as much as the air from the upper half. Conductances 
based on the upper-half temperature data were about 5 per cent 
(Nr. > 7000) higher than the average conductances listed in 
Table 3. This condition suggests the presence of a scale resistance 
on the shell side. An attempt to clean the core with commercial 
solvents and acid was not entirely successful. The data reported 
in Table 3 are for the core after cleaning was attempted. If the 
conductance, based on the upper-half temperature data are typi- 
cal for the clean core, the magnitude of the scale resistance in- 
cluded in the h and 8, data of Table 3, amounts to about 1/500 
(hr ft? deg F)/Btu. 


L 
The friction modulus 6; = a (as obtained from the cold-core 
'H 


runs) and the number of heat-transfer units 8, are related by the 
Reynolds analogy (2). The similarity of these two moduli is 
revealed in Fig. 4, where 8, and £8, are plotted versus NRe. A 
consideration of this graph indicates that 


By KB, for 8000 < Nae < 20,500............ (1) 


where 


! 2 3 SoS OP 0 
NRo / 1000 


{5 20 30 


Fie. 4 ExpEerRIMENTAL HEAT-TRANSFER AND FRiIcTION DATA 


The Reynolds analogy predicts a coefficient of 1 instead of 1.2 
This increase can, in part, be attributed to shock at entrance and 
exit which contributes to the pressure drop, but is not associated 
with the skin-friction momentum and heat-transfer mechanism. 
Weise (3) reports a magnitude of 1.1 for the coefficient K,. 

An interesting revelation of these results (Fig. 4) is the definite 
dip in the characteristics starting at a Reynolds number of 10,000 
for the 8, curve and 7000 for the friction-modulus characteristic. 
Normally, air flow with Nre > 4000 is definitely turbulent in 
character, but for the core and test arrangement reported here 
fully turbulent flow obtained only for Nre > 10,000. The reasons 
for this surprising result are not clear. Tentatively, it may be 
partially attributed to the following characteristics of the core- 
and test-duct arrangement: 


1 Although the duct Reynolds number is 18 times that of the 
tubes (180,000 for a tube Vr. = 10,000), turbulence characteris- 
tic of this high Reynolds number was not established for the air 
entering the tubes because of the short approach section of the 
duct (4 diam), and the fact that the air was induced into the duct 
through a conical approach section from the relatively quiescent 
room conditions (Fig. 1). 

2 The ends of the core tubes are expanded into hexagonals 
(Fig. 2) and thus provide a relatively smooth convergence from 
duct to tube flow. This minimization of shock at entrance may 
serve to perpetuate the duct-turbulence characteristic which is 
apparently considerably closer to laminar flow than the duct or 
even the tube Reynolds number alone would suggest, for the 
reasons first mentioned. 


This rationalization is in part supported by the data of Wash- 
ington and Marks (4) for flow through rectangular ducts having 
hydraulic radii of magnitudes comparable to that of the oil- 
cooler tubes. Their test arrangement provided for flow of com- 
pressed air into a relatively large inlet chamber, then through a 
rounded approach section into the duct of relatively small cross- 
sectional area. The turbulence of the air in the inlet chamber 
probably corresponded to quiescent air conditions and the 
smooth convergence approach section would tend to perpetuate 
this condition well into the duct. As a consequence the heat- 
transfer grouping h/Gc for the 1/s-in. duct (ry = 0.0625 in., as 
compared to the oil-cooler tube 77 = 0.0640 in.) departs markedly 
from the turbulent-flow characteristic in the neighborhood of 
Reynolds number = 10,000 (Bibliography reference 4, Fig. 8), 
which confirms the effect noted for the oil-cooler tubes. 

This nonturbulent character of the flow at high Reynolds num- 
ber is of more than academic interest in that turbulence condi- 
tions of the cold-air flow into an aircraft heat exchanger may cor- 
respond more closely to laminar conditions than to the turbulence 
characterized by the Reynolds number of the tubes. Therefore, 
predictions of heat transfer and pressure drop on the basis of 
turbulent flow may depart significantly from actuality. 

For the core tested (ID = 0.256 in.) a Nre = 10,000 corre- 
sponds to a 2 in. of water hot-core pressure drop, but for 
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CoMPARISON OF PREDICTED AND EXPERIMENTAL FRICTION 
DATA 


Fie. 5 


0.20-in-ID tubes of the same length at the same Nr. magnitude 
the pressure drop would be approximately 4 in. of water. There- 
fore this transition may occur in the design operating range of 
the oil cooler especially for the smaller tube sizes. 

Fig. 5 compares the cold-core friction data with those predicted 
from available sources. The predicted curve is from the following 
equation given by McAdams (2) 


6 = Bes = sre + K+ —o)| Pare ae [2] 


2x 2 ry 


L 
The first term in brackets f/’ — is the contribution of tube skin 
TH 
friction; the second term K, accounts for the contraction shock 
at entrance; while the third term (1 — ca)? is the contribution of 
the sudden expansion at exit from the tubes. 
For 5000 < Nr. < 25,000 (ref. 2) 


f''= 0046: Nina) oe | 
and for purely viscous flow, Nre < 3000 


A sudden contraction at entrance would introduce a K, mag- 
nitude of 0.27 for the area ratio c = 0.53. However, the contrac- 
tion is not sudden as the expanded hexagonal tube ends produce 
a converging section 1/2 in. long (Fig. 2). Asa consequence K, 
0.27/2 = 0.135 was assumed for this calculation. 

These considerations introduced into Equation [1] result in the 
following relations used for the predicted curves in Fig. 5: 


6, = 3 (645 IN sie f= 0.356) Eerie ths [2a] 
for 
5000 < Nie < 25,000 
and 
1 / 2240 
B= e& = Ay) 356) bc ee ea eR [2b] 
for 
Nre < 3000 


The exit and entrance losses contribute 20 to 30 per cent of the 
total friction. 


Consideration of Pig. 5 reveals that the available friction-factor 
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Fie. 6 ComparIsOoN OF PREDICTED AND EXPERIMENTAL Hat- 
TRANSFER DATA 


data adequately predict (within 15 per cent) the core behavior 
only for 10,000 < Nre < 25,000. For Nre < 3000 the prediction 
based on viscous flow is not satisfactory since the entrance flow is 
not purely viscous and a parabolic velocity distribution does not 
obtain. 

The comparison of experimental and predicted number of 
transfer-units data 6, = (h/Gc)(L/ry) is revealed in Fig. 6. 
The predicted characteristic for Nre > 5000 was derived from the 
Dittus and Boelter correlation (2) 


hD 
| = 0.023 NOSN Oe 28 Soci ee [4] 


which for air Np, = 0.74 reduces to 


h 
= =\0.0276 Niort al. wale, eee [4a] 
Ge 


Tests by Brown and Barlow (5) performed on radiators having 
hexagonal tubes are in substantial agreement with Equation 
[4a], the magnitude of the conductances being only 4 per cent 
higher (coefficient of 0.0285 instead of 0.0275 in Equation [4a]). 

For the laminar-flow region Nre < 4000 the prediction of 
Norris and Stried (6) was employed 


LG —*/3 
BeOS (4! Neva.) antidote ae 


or for Ne, = 0.74 


a re —?/3 : 
— =f. sgt 4b el Pe PeBe AO can cinco: 
ae 97 (2 Ne. ) [5a] 


Examination of Fig. 6 reveals that the predicted characteristic 
is within 20 per cent of the test performance for 10,000 < Nine < 
25,000 and for Vre < 3000. For the dip region, however (3000 < 
Nre < 10,000) the agreement is poor. 

Cold-core friction data together with the hot-core conductance 
data may be employed to predict accurately the hot-core pres- 
sure drop by use of the following approximate expression derived 
from Bernoulli’s equation by assuming air density to be a function 
of temperature only. 


2 


p G 
St [6 at 
Po Jpo 


€, At; 
2T 1 


(2 + a) | er, tees [6] 


In this expression Ap * is the pressure drop (lb per sq ft) cor- 
Po 


rected to standard air-density conditions (p) = 0.0750 Ib per cu 
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PRESSURE Drop 


ft). To convert to Ap ? in inches of water, divide by 5.20 (lb per 


po 
sq ft) /(in. H,0). 
Hot-core pressure drop exceeds that of the cold core, for a 
given mass rate of flow, for the two following reasons: 


1. Inereased skin friction and exit-shock loss as a result of 
higher air velocity. 
2 A pressure drop necessary to produce the flow acceleration. 
2 


G 
In Equation [6] the term (=) 8, is the “cold-core” pressure 
JPpo 


G?\ «, At 
drop while the term (=) = “+B, is the additional skin friction 
JPo 2T a1 


and exit loss arising from the higher velocity flow. The remaining 
2 
term (£) e eu is the pressure-drop requirement for the ac- 
JPo 1a 
celerated flow. The hot-core pressure drop will exceed that of the 
cold-core drop, by 14 to 18 per cent. 

Comparison of predicted and experimental hot-core pressure 
drop is illustrative of the applicability of Equation [6]. For this 
ealeulation, the hot-core temperature difference At, is the tem- 
perature difference, saturated steam to entering air (f, — tq). 
Magnitudes of 6, and 8, were obtained from Fig. 4. Term e, 
is evaluated as «, = 1 — ee. ® The curve, Fig. 7, summarizes 
the results of these calculations and the data points of Table 3, 
corrected to standard density conditions, are superimposed for 
comparison. The agreement is within 5 per cent for most of the 
test points. 


O1t-CooLeR PERFORMANCE 


The basic air-side thermal-conductance and friction data may 
be employed to predict oil-cooler performance provided oil-side 
conductance data are available. Oil-cooling performance can 
be conveniently related to core pressure drop by plotting ‘“‘oil- 


; : Pp 
cooling effectiveness,” «9 versus core pressure drop, Ap — for a 
Po 


given oil rate, as in Fig. 8. 


In terms of temperature conditions 


_ (tor — toe) 
(tor — tar) 


. €0 


That is, « compares the actual oil cooling (to: — to2) to the maxi- 
mum possible cooling (to: — tai), which would obtain were the 
core cross section very large. ‘‘Oil-cooling effectiveness” may 
also be expressed in terms of the over-all conductance, air-flow 


rate, and oil-flow rate by integration of the basic heat-transfer- 
rate relations and energy-balance expressions, assuming constant. . 
U along the tube. The resulting equation is 


where 


€4GC,A c 


er 


= e Ba ———— 


Wlo 
Over-all unit resistance 1/U may be established from the resist- 
ance concept as consisting of the summation of air-side, tube-wall, 
seale, and oil-film unit resistances. For this illustrative calcu- 
lation, the tube-wall unit resistanceisneglected asbeing small. An 
estimated seale resistance of 1/599 (hr ft? °F) /Btu is includedin the - 
test magnitude of h (Fig. 4). Oil-film resistance for an oil-flow rate 
of 4000 lb per hr (at an average temperature of 200°F) is estimated 
as 1/130 (hr ft? °F)/Btu (7). Thus, . = ; + a From this ex- 
pression and Fig. 4, U was evaluated as a function of @ (for an 
average » = 0.019 centipoises). This information together with 
the assumed oil-capacity rate 


lb Btu 
= 4! = A 
Wed 000 = xX 0.49 Ib °F 


substituted into Equation [7] permitted the evaluation of ‘‘oil- 
cooling effectiveness’ as a function of air-mass velocity G. 

The prediction of pressure drop was accomplished employing 
Equation [6], together with an assumed inlet-air temperature 
T.1 = 460 + 60 = 520 °R, and an average oil temperature of 
200° F. Thus At; = 200 — 60 = 140 °F. Departures of 20 °F 
from these assumed temperatures will not materially effect the 


evaluation of Ap Ley Air-friction-factor modulus ;, for the core 
Po 


was determined as a function of G from Fig. 4 (for an average u 


OIL RATE 4000 LBS/HR |. 


Sth 


OIL COOLING EFFECTIVENESS 


Opec cues OF 62. IO ae 
PRESSURE DROP APP/P, IN.H,0 


Fie. 8 Prepricrep Ornu-CooLter PERFORMANCE 


80 TRANSACTIONS OF THE A.S.M.E. 


= 0.019 centipoises). The foregoing procedure allows the deter- 


mination of Ap ” as a function of air-mass velocity G. The re- 
Po 

sults of the prediction calculation for the particular 9-in. core em- 

ployed in the test work, are revealed in Fig. 8. A family of similar 

curves could be plotted employing oil rate as.a parameter. Such 

curves, together with oil-side pressure-drop data, would provide a 

complete expression of the performance of an oil cooler. 


SUMMARY AND CONCLUSIONS 


1 Air-side thermal conductance and friction-factor data are 
presented for a particular 9-in. shell-and-tube-type oil-cooler core. 

2 The estimated magnitude of the scale resistance (shell side) 
which is included in the reported magnitudes of the air-side film 
conductance amounts to about 1 per cent at Nre = 1000 and 8 
per cent at Nre = 25,000. This effect, in part, accounts for the 
discrepancy between the predicted and experimental conductance 
data. It also suggests the necessity for allowing for this signifi- 
cant scale resistance in design calculations. 

3 An unexpectedly early transition from turbulent to semi- 
viscous flow is observed as starting at Nre = 10,000 for both 
friction and heat transfer. This behavior may possibly be a 
characteristic of the core-duct test system, but data are lacking 
to confirm this suggestion. 

4 Because of this early transition, predictions from published 
heat-transfer and friction data are not adequate for Nre < 10,000. 

5 The cold-core friction data may be employed to predict 
hot-core pressure drop with adequate accuracy. 

6 Air-side thermal conductance and friction data, together 
with oil-side conductance and friction data may be employed to 
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evaluate oil-cooler performance with respect to oil-cooling and 
pressure-drop requirements. 
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